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Poly-(p-phenylenepyromellitamic acid)s have been 
synthesized over the weight average molecular weight 
range from 8,000 to 22,000 by reaction of pyromellitic 
dianhydride and p-phenylenediamine in dimethylformamide. 
The polymers were recovered as amorphous yellow powders 
having planar dimensions of 3-4 x 1-2 ~m with thicknesses 
of 0.1-0.2 ~m and contained 20-30% associated dimethyl-
formamide. Consumption of reactants and attainment of 
the ultimate molecular weight of the polymer was found 
to occur within one minute. Thermogravimetry of the 
solid poly(amic acid)s was used in a method developed 
to determine the amount of associated dimethylformamide, 
to study the cyclization of poly(amic acid) to polyimide, 
and to study the decomposition of the polyimide in air 
and in argon. Viscometry and light scattering measure-
ments showed that dimethylformamide is a poor solvent 
for the polymer. The intrinsic viscosity - weight 
average molecular weight relationship was found to be 
[n] = 25.22 x 10- 4 Mw~' 563 The poly~(p-phenylene 
pyromellitamic acid)s were also characterized by ultra-
violet, visible, near infrared, and infrared spectroscopy; 
differential thermal analysis; vapor pressure osmometry; 
and gel permeation chromatography. 
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Polyimides have become commercially available polymers 
and are now coming into wide use in those areas where ther-
mally and chemically stable materials are required. Most 
research in the polyimide area has been directed toward 
synthesis of more thermally stable structures, few investi-
gators have been concerned with the fundamental chemistry 
of poly(amic acid)s, the prepolymers leading to polyimides. 
The purpose of this work was to study the fundamental 
chemistry of a poly(amic acid)-polyimide system with 
emphasis on the prepolymer poly(amic acid). A specific 
poly(amic acid) was synthesized, poly-(p-phenylene pyro-
mellitamic acid), and this polymer was characterized both 
in the solid state and in dilute solution. The kinetics of 
formation of the poly(amic acid), the conversion of the 
poly(amic acid) to polyimide, and the thermal behavior of 
the polyimide were also studied. Detailed studies of 
poly-(p-phenylene pyromellitamic acid) have not been 
reported in the literature. 
II. REVIEW OF THE LITERATURE 
Aromatic poly(amic acid)s are the precursors or 
prepolymers for aromatic polyimides. Since aromatic 
polyimides are nearly always infusible and insoluble 
materials, most experimental investigations must be 
performed on the soluble poly(amic acid). Commercially 
the soluble poly(amic acid) is processed to the desired 
form or shape needed in the final application and then 
converted to the polyimide. A review of the chemistry 
of poly(amic acid)s is presented here and a supplemental 
review of the chemistry of polyimides is given in 
Appendix A. 
The literature describing poly(amic acid)s and 
polyimides contains involved chemical nomenclature. In 
order to review the important points in the literature 
but avoid confusing the reader with chemical nomenclature, 
reactants will be referred to as "dianhydride" and 
"diamine" whenever possible. A tabulation of the specific 
systems used by each investigator is given at the 
conclusion of this literature review in Table I, page 17. 
A. Preparation of Aromatic Poly(amic acid)s 
1. Reaction of a diamine with a dianhydride in 
solution. 
a. Synthesis of the polymers. The most common 
method of preparing aromatic poly(amic acid)s has been 
2 
described by a number of authors. 1- 16 A diamine and a 
dianhydride are reacted in a suitable solvent (usually 
aprotic dipola~ to form the soluble poly(amic acid). 
n 
Suitable dianhydrides, diamines, and solvents for 
synthesis of poly(amic acid)s have been given in the 
literature.2,4-8,10,14,15,17 
Synthesis variables have been studied by several 
investigators. Variables which have been investigated 
include: effects of purity of reactants and solvents, 
order of addition of reactants, reaction stoichiometry, 
temperature, concentration, and time. 
Bower and Frost 2 obtained satisfactory results from 
commercial reagents; howeve~ they obtained higher 
molecular weights by us1ng purified reactants and 
solvents. Wallach18 found that the use of very pure 
reactants and solvents increased the number average 
molecular weight and narrowed the molecular weight 
distribution. Effects of various impurities in the 
polymerization have been studied. Excessive amounts of 
dianhydride, 2 mono- and trifunctional anhydrides, 14 
monoamines, 14 and triethylamine 2 prevented the attainment 
of high solution viscosities during synthesis apparently 
3 
indicating a low molecular weight polymer was formed. 
Benzoic acid did not seriously affect polymer molecular 
weight. 2 Most investigators attempted to exclude all 
4 
traces of moisture from the synthesis mixture. Bower and 
Frost 2 found that water prevented attainment of high 
molecular weight polymers. However, Zakoschikov, et. a1. 13 
found that the highest viscosities in their work were 
obtained when their solvent contained 0.5% water. Most 
authors carried out their syntheses in dry, inert 
atmospheres. 
The order of addition of the reactants has been found 
to influence greatly the molecular weight of the poly-
Carnic acid). High molecular weights were obtained only 
if the dianhydride was added to the diamine.Z,lS Dine-
Hart and Wright9 , 10 studied both homogeneous (both 
reactants in solution) and heterogeneous (one or both 
reactants added as a solid) mixing methods. They found 
that the highest molecular weights were obtained when 
solid dianhydride was added to a solution of the diamine. 
Low molecular weights, resulting when diamine was added 
to dianhydride, were also reported by Bower and Frost. 2 
Dine-Hart and Wright 9 , 10 explained the higher molecular 
weights resulting when the dianhydride was added as a 
solid in terms of competitive aminolysis and hydrolysis 
reactions. When the dianhydride was dissolved prior to 
Synthesis, hydrolysis alone could occur. However, if the 
5 
dianhydride were added as a solid to a solution of the 
diamine, competitive hydrolysis and aminolysis reactions 
could occur. The aminolysis was found to proceed at five 
times the rate of the hydrolysis and, therefore, would 
predominate. Sroog15 pointed out that a complex with the 
solvent could be formed if pyromellitic dianhydride were 
used as the dianhydride. The ability of pyromellitic 
dianhydride to form molecular complexes has been reported.19 
Possible complex formation between two common solvents for 
poly(amic acid)s, N,N-dimethylformamide and N,N-dimethyl-
acetamide, and aromatics has also been postulated. 20 
Precise reaction stoichiometry has been found to be 
very critical to the attainment of high molecular weight. 
A molar excess of dianhydride to diamine slightly in 
excess of 1.0 was found to be necessary for maximum 
molecular weight. 2 ' 9-l 2 ,l4 , 21 The necessity of this 
excess has been attributed to small amounts of hydrolysis 
of the dianhydride. The amount of excess dianhydride for 
maximum molecular weight ranged from 0.4 to 5.0%, 
depending upon how rigorously the reactants had been 
purified. 
Synthesis of aromatic poly(amic acid)s was most 
1 2 4 6-8 12 
successful at temperatures from -20 to 75°C. ' ' ' ' ' 
13 ,l5 , 16 The data of Sroog, et. a1. 8 indicated a decrease 
in molecular weight with an increase in temperature. 
Zakoshchikov, et'. al. 12· reported a· maximum molecular 
6 
weight at 60°C. Above this temperature molecular weight 
decreased, and the solutions became colored. In another 
study with a different diamine Zakoshchikov, et. a1. 13 
reported an increase in molecular weight up to 40°C, then 
a decrease with further increase in temperature. Sroog15 
related lower molecular weight at higher temperatures to 
three possible reactions: (1) partial dehydration of 
poly(amic acid) to polyimide releasing water which was 
postulated to prevent attainment of high molecular weight 2 
and to degrade the poly(amic acid), 21 (2) extensive 
dehydration to polyimide which could precipitate before 
attainment of high molecular weight, and (3) possible 
transamidation with the solvent. 
The effect of reactant concentration in poly(amic 
acid) synthesis has also been investigated. Dine-Hart and 
Wright 9 , 10 found a linear increase in molecular weight 
with increasing solids content (amount of reactants or 
polymer formed) over the range 0 to 10%. 8 Sroog, et. al. 
were able to obtain high molecular weight materials at 
solids contents of up to 35 to 40%. Zakoshchikov, et. 
al. 12 , 13 found the optimum synthesis concentration to be 
20% solids. 
The formation of poly(amic acid) has been found to 
proceed rapidly. Sroog, et. a1. 8 reported that the 
reaction rate was limited by the rate of solution of the 
dianhydride. Usually 30~60.minutes were adequate for 
their laboratory syntheses. Frost and Kesse 21 found that 
the molecular weight reached its maximum value in 1 to 4 
hours. Zakoshchikov, et. a1. 12 observed a direct 
dependence between molecular weight and reaction time. 
Wrasidlo, et. a1.22 studied the kinetics of the forma-
tion of the poly(amic acid) from pyromellitic dianhydride 
and m-phenylenediamine in N,N-dimethylacetamide. By use 
of infrared spectroscopy they observed a reaction order 
at room temperature of 2.14 and a calculated rate constant 
of 1.06 liter/mole-second. The reaction was reported to 
be bimolecular. Their postulated mechanism involved a 
nucleophilic attack of the amino group opening the 
anhydride ring yielding the poly(amic acid). They 
7 
reported that equilibrium existed after 78 mole percent of 
the dianhydride had reacted. A nylon type salt was 
postulated by reaction of the remaining free diamine 
through the carboxylic acid groups of the poly(amic acid). 
However, Dine-Hart and Wright10 did not observe measure-
able anhydride bands in the infrared spectra of their 
poly(amic acid)s from pyromellitic dianhydride and 
diaminodiphenylmethane, indicating that no nylon type 
salt was present. Koton23 postulated a two step formation 
leading to the poly(amic acid) from diaminodiphenyl ether 
and cyclopentanetetracarboxylic dianhydride. He suggested 
a rapid step occurred when a dianhydride molecule reacted 
with a diamine molecule to form a monoamide. This 
monoamide was postulated to have lower reactivity toward 
dianhydride than did the diamine. Therefore, the second 
reaction step, formation of poly(amic acid), was slow. 
In addition to the main reaction for formation of 
poly(amic acid)s, a side reaction has been reported. 
Hermans and Streef24 reported a diamidation could occur, 
that is, both carbonyl groups of the dianhydride could 
form amide linkages yielding a branched chain. It should 
be noted, however, that Hermans and Streef worked with an 
aromatic dianhydride - aliphatic diamine system. 
b. Degradation of poly(amic acid) solutions. The 
storage characteristics of poly(amic acid) solutions have 
been studied by several authors. The effects of time, 
temperature, concentration, and presence of impurities 
have been examined. 
The effects of time 2•s,g,lQ,lS,Zl and temperature 2 ' 9 ' 
10 , 21 on the storage behavior were found to be related. 
Poly(amic acid)s in solution have been found to degrade 
8 
over a period of time, the degradation rate increasing 
with temperature. Zakoshchikov, et. a1. 12 attributed the 
greater stability at lower temperatures and the solubility 
of poly(amic acid) in N,N-dimethylformamide to the ability 
of the solvent to form a complex between the carboxylic 
acid group of the poly(arnic acid) and the solvent. 
Association between a carboxylic acid group and N,N-
dimethylforrnarnide or N,N-dimethylacetamide was shown by 
Hatton and Richards 20 who postulated that the association 
mechanism was hydrogen bonding. 
8 15 Sroog ' found that concentrated poly(amic acid) 
solutions were more stable than dilute solutions. This 
increased stability of concentrated solutions suggested 
the influence of solvent in the degradation. 15 Solvents 
such as N,N-dimethylformamide decompose forming trace 
amounts of secondary amines 25 which could enter into 
exchange reactions with the polymer. 15 
Hydrolysis of poly(amic acid)s has been investigated, 
and water has been found to be detrimental to solution 
stability.z,s,g,lO,lZ,lS,Zl This instability has been 
attributed to the presence of free carboxylic acid groups 
ortho to the amide linkage.Z,lZ,Zl The hydrolysis 
reaction was studied in monomeric phthalamic acids. 26 
A mechanism was postulated involving an intramolecular 
process in which the carboxylic acid group donates a 
proton to the departing amino group. The same mechanism 
has been postulated for poly(amic acid)s 21 and would 
result in amine and anhydride terminated polymer frag-
ments. Evidence for the presence of amine terminated 
fragments was demonstrated by the darkening of solutions 
over a period of time which was attributed to the 
oxidation of liberated amino groups. 9 ,lO,Zl 
A study was made of the solution stability of poly-
Carnic acid) solutions when additional diamine or 
9 
dianhydride was added to the solution. 21 Both reactants 
caused rapid degradation of the polymer. The dianhydride 
was apparently destroyed or deactivated in about thirty 
hours and would neither cause additional polymer degrada-
tion nor react with diamine added after the apparent 
deactivation. However, the diamine caused continual 
polymer degradation and would react with additional 
dianhydride. 
Reynolds and Seddon16 found that poly(amic acid)s 
10 
could be dissolved in aqueous organic bases forming 
solutions which were resistant to hydrolytic degradation. 
The base had to be of a sufficient strength (triethylamine 
was effective) and present in sufficient quantity to 
convert all of the a-carboxylic acid groups to their 
amine salts. 
c. Recovery of solid poly)amic acid)s. Recovery of 
poly(amic acid)s has been reported by two methods, 
evaporation of the solvent leaving a film of poly(amic 
acid),s,g,lo,z 7 and by precipitation with a non-solvent. 5 ' 
7 , 9 ,lO,l6 Both methods of recovery yielded similar 
products. Films cast from poly(amic acid) solutions were 
found to contain 10 to 35% residual solvent.s,g,lo 
Direct precipitation with a non-solvent also yielded a 
"rubbery" phase containing a high amount of solvent. 9 , 10 
An improved precipitation method was reported by 
Reynolds and Seddon16 which involved dilution of the 
synthesis mixture with tetrahydrofuran prior to 
precipitation. This method yielded powders of solid 
poly(amic acid). These powders still contained residual 
solvent which could not be removed by vacuum treatment 
at 0.1 torr. 
The amount of solvent remaining in poly(amic acid)s 
after recovery has been investigated. Kruez, et. a1. 27 
postulated that one mole of their solvent was associated 
with each carboxyl group in their poly(amic acid); 
however, they did not report a method for determining 
quantitatively the amount of residual solvent. Their 
postulation was consistent with the work of Hatton and 
Richards 20 who reported hydrogen bonding between the 
carbonyl oxygen of N,N-dimethylformamide or N,N-
dimethylacetamide and the hydrogen atom in the 
carboxylic acid group of benzoic acid. Reynolds and 
Seddon16 determined the amount of residual solvent by 
titration for free carboxyl groups and weight loss on 
heating the poly(amic acid) to a constant weight in 
nitrogen at 360°C. Tsimpris and Mayhan 28 developed a 
method to determine the amount of residual solvent in 
poly(amic acid)s by means of thermogravimetry. This 
method was based upon the molecular structures of the 
poly(amic acid) and its corresponding polyimide, and 
a material balance. 
11 
2. Other methods of preparation of aromatic 
poly(amic acid)s. 
a. Precipitation polymerization. Dine-Hart and 
Wright9 ' 10 dissolved both diamine and dianhydride in dry 
tetrahydrofuran rather than the usual dipolar, aprotic 
solvents for poly(amic acid) synthesis. The polymeri-
zation proceeded giving a simultaneous formation and 
precipitation of poly(amic acid). This method of 
synthesis has the advantage of yielding poly(amic acid)s 
free from tightly bound solvent. However, the highest 
molecular weights of poly(amic acid)s prepared by this 
method are not as high as those possible by conducting 
the entire synthesis in solution. 29 Claus also prepared 
poly(amic acid)s by this technique and found that 
several ethers other than tetrahydrofuran could be used. 
Vaughn30 found that small amounts of water present in 
the liquid medium increased the molecular weight of the 
poly(amic acid). 
12 
b. High pressure polymerization. Poly(amic acid)s 
have been prepared by reaction of pyromellitic dianhydride 
with o-, and m-phenylenediamine in the absence of solvent 
at a pressure of 89,000 psi and a temperature of 200°C. 31 
The polymer from pyromellitic dianhydride and a-phenylene-
diamine has not been prepared by reaction in solution, 
perhaps because of the steric hindrance present in an 
o-substituted poly(amic acid). The use of high pressure 
solid state polymerization is claimed to overcome 
considerable steric hindrance. 
B. Characterization of Poly(amic acid)s 
1. Dilute solution behavior. Dilute solution 
13 
measurements on poly(amic acid)s have been found to be 
complicated by effects not often encountered when 
studying linear polymers, Solvents for poly(amic acid)s 
have been found to form strong polymer-solvent inter-
actions and remain associated with the polymer even after 
precipitation, Some poly(amic acid)s have also 
demonstrated behavior characteristic of polyelectro· 
1 t 2,9,10,15 y es. 
Little has appeared in the literature concerning 
dilute solution behavior of poly(amic acid)s. The only 
investigator to publish results in this area has been 
M, L. Wallach, 18 , 32 •33 Studies of the poly(amic acid) 
synthesized from pyromellitic dianhydride and 2,4-
diaminoisopropylbenzene served as the basis for charac-
terizing polyimides through their poly(amic acid) 
32 prepolymers. The poly(amic acid) and polyimide from 
these two reactants were both soluble in N,N-dimethyl-
acetamide allowing comparisons between the prepolymer and 
final polymer, The poly(amic acid) was found to have an 
intrinsic viscosity, [n], of 0,77, a number average 
molecular weight, M , of 32,500, a weight average n· 
molecular weight , Mw' of 65,600, and a molecular weight 
distribution, M /M , of 2.02. After the poly(amic acid) w n 
was converted to the polyimide,the following values 
were obtained: [n] = 0.84, M = 33,800, M = 86,600 and 
n w 
14 
Mw/Mn = 2.56. These results were interpreted as illustra-
ting that the number average degree of polymerization of a 
poly(amic acid) - polyimide system does not change signifi-
cantly upon conversion of the prepolymer to final polymer. 
Increases in the weight average molecular weight were 
attributed to a minor degree of branching on conversion. 
A dilute solution study was made on the poly(amic 
acid) from pyromellitic dianhydride and 4,~-diamino­
diphenyl ether in N,N-dimethylacetamide. 18 The poly-
(amic acid) was characterized by viscometry, osmometry, 
light scattering, and ultracentrifugation. The series 
of poly(amic acid)s which were studied had number average 
molecular weights, Mn, from 13,000 to 55,000 (degree of 
polymerization 31 to 131). Weight average molecular 
weights, M , ranged from 9,900 to 266,000. On samples 
w 
for which both weight and number average molecular 
weights were obtained, the molecular weight distribution, 
M /M , ranged from 2.2 to 4.8. Intrinsic viscosities, 
w n 
[n], were found to vary from 0.300 to 4.00 and, when 
correlated with the weight average molecular weight, 
were represented by the equation: 
Sedimentation constants ranged from 0.99 to 3.22 sec. 
15 
The sedimentation constant - molecular weight relation-
ship was found to be: 
The exponents in the Mark-Houwink-Sakurada and sedimenta-
tion constant relations were consistent with the Flory-Fox 
viscosity treatment. The exponent in the Mark-Houwink-
Sakurada equation was reported to be characteristic of 
extended solvated coils. From the characterization data, 
1 
the unperturbed chain dimensions, A= (r 2 /M)2, were 
0 
0 
0.848 A. Calculation of the unperturbed dimensions with 
0 
free rotation, Af, gave 0.686 A. The steric factor, 
o = (A/Af) was 1.24 which approaches the limiting value 
of 1.0 for a chain with free internal rotation. 
The kinematic viscosities at 10% concentration have 
been correlated with molecular weight for the poly(amic 
acid) from pyromellitic dianhydride and 4,4'-diaminodi-
phenyl ether dissolved in N,N-dimethylacetamide. 33 
Molecular weights above the critical entanglement molecular 
weight of 27,500 obeyed the relationship: 
n = 6 31 X 10- 13 M 2 ' 7 (at 25°C). p • w 
Samples below a molecular weight of 27,500 obeyed the 
relationship: 
n = 2.66 X 10- 6 M 1 ' 2 (at 25°C). p w 
2. Molecular structure determinations. Molecu~ 
lar structure determinations of poly(amic acid)s have 
consisted primarily of descriptions of a few absorption 
bands in the infrared spectrum of the poly(amic acid) 
and 1 .. d d t d 3-10,15-17,21,22,27,28,34 po y1m1 e un er s u y. A 
few authors have reproduced infrared spectra of their 
1 8,15,16,28 po ymers. 
A brief review of the chemistry, characterization, 
thermal properties, and uses of polyimides is included 
in Appendix A. All literature references cited in 
Appendix A are included in the dissertation bibliography. 
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TABLE I 
POLY(AMIC ACID) SYSTEMS STUDIED IN THE LITERATURE 
Some authors have prepared polymers from many dianhydrides and diamines. This table lists 
the systems which have been investigated in most detail. All possible combinations of 
reactants, solvents, and temperatures were not used in the references listed in this table. 
The references should be consulted for the specific combinations used by each investigator. 
Abbreviations: 
PMDA = pyromellitic dianhydride 
BPDA = benzophenonetetracarboxylic 
dianhydride 
DMF = N,N-dimethylformamide 
DMA = N,N-dimethylacetamide 







DAPE = 4,4'-diaminodiphenyl ether 
DDP = 4,4'-diaminodiphenylpropane 
DDM = 4,4'-diaminodiphenylmethane 
PSP = 4,4'-diaminodiphenyl sulfide 
MPD = m-phenylenediamine 
PPD = p-phenylenediamine 









TABLE I (continued) 
Reference Dianhydrides Diamines Solvents Temperatures 
3 PMDA DAPE DMA not stated 
4 PMDA MPD, PPD DMF <50° 
5 PMDA DDP, DAPE DMF, DMA 11°, room temp. 
6 PMDA DDM, DAPE DMF, DMA 15°, room temp. 
DDP, PSP, 
benzidine 
7 PMDA MPD, PPD, DMF, DMA 11° 15° 
' ' DDM, room temp. 
benzidine 
8 PMDA DAPE, DDM, DMF, DMA 25°-200° 
MPD, PPD, 
DDP, PSP 
9 PMDA DDM, DAPE DMF not stated 
10 PMDA DDM, DAPE DMF not stated 
11 PMDA DAPE DMSO 25°-50° 
12 PMDA DDM DMF <60°< 
ta PMDA PSP DMF <40°< 
16 PMDA DAPE DMA not stated ....... 
00 
TABLE I (continued) 
Reference Dianhydrides Diamines Solvents Temperatures 
17 PMDA MPD, DDM, DMF, DMA 15° 
DAPE 
18 PMDA DAPE DMA not stated 
21 PMDA MPD DMA not stated 
22 PMDA MPD DMA 25° 80° 
' 
23 cyclopentanetetra- DAPE not stated not stated 
carboxylic dianhydride 
24 PMDA hexamethylenediamine, none 230-260° 
nonamethylenediamine 
27 PMDA DAPE DMA not stated 
28 PMDA PPD DMF 0-50° 
29 BPDA DDM organic ethers zo-zso 
30 PMDA DAPE acetone, DMF, room temp. 
organic ethers 




TABLE I (continued) 
Reference Dianhydrides Diamines 
32 PMDA 2,4-diaminoisopropyl-
benzene 
33 PMDA DAPE 













A. Reactants and Solvents 
The melting points of solid materials were determined 
using a Mettler FP-1 melting and boiling point apparatus. 
Benzoic acid, adipic acid, 2-chloroanthraquinone, and 
anthraquinone were used to verify accuracy of the appara-
tus. Liquids were analyzed using a Victoreen series 4000 
gas chromatograph equipped with a thermal conductivity 
detector. Six foot x 1/8 inch Apiezon-L columns were 
used in the chromatograph. Water determinations were 
made with a Precision Scientific Company Karl Fischer 
Autoaquatrator. 
1. p-Phenylenediamine, PPD (1,4-diaminobenzene*). 
Crude PPD (Aldrich Chemical Company, P2396) was purified 
by vacuum sublimation at a temperature of 105°C and at a 
pressure less than 1 torr. The purified PPD was obtained 
as a very pale yellow, almost white, solid melting from 
140.7-14l.l°C [lit. 35 , 36 140°C]. PPD became dark violet 
when heated in the melting point tubes. The violet color 
was probably due to oxidation of amine groups. Disagree-
ment between the literature melting point determined on 
the Mettler FP-1 may have been due to this violet color, 
since the instrument senses the melting point by a 
change in the visible light transparency of the sample. 
*denotes name approved by IUPAC 
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Thus, the decreased intensity of visible light passing 
through the dark sample may have affected the indicated 
melting point. Difficulties due to violet colored samples 
in the Mettler apparatus have been reported in the Mettler 
FP-1 instruction manual. 
2. Pyromellitic dianhydride, PMDA (1,2,4,5-
benzenetetracarboxylic dianhydride*). Crude PMDA 
(Aldrich Chemical Company, B402) was purified by a method 
similar to that reported in the literature. 9 The basis 
for the method was the ability of PMDA to form a stable 
complex with anisole (methoxy benzene*). 37 
Nine grams of crude PMDA were added to a 300 ml 
3-neck distilling flask fitted with a reflux condenser, 
thermometer, and glass stopper. Ninety milliliters of 
anisole (Fisher Chemical Company, A834) were added to the 
flask. The resulting yellow slurry was stirred by an 
egg-shaped teflon coated magnet and magnetic stirrer while 
the flask was heated to the boiling point of the anisole. 
Twenty milliliters of acetic anhydride (ethanoic 
anhydride*, Mallinkrodt Chemical Works, 2420) were added 
to the refluxing mixture. In about 5-10 minutes, the 
solution became clear. The reflux condenser, thermometer, 
and glass stopper were removed and a nitrogen purge was 
begun through the flask. The nitrogen purge was continued 
over the boiling PMDA-anisole-acetic anhydride slurry 
until the volume in the flask was reduced to slightly less 
than the volume originally occupied by the PMDA~anisole 
slurry. Decolorizing carbon was added to the solution. 
The solution was then filtered through two layers of 24 
em Whatman #2 filter paper in a glass funnel which had 
been heated to retard crystallization of the PMDAP 
anisole complex. Twenty milliliters of boiling anisole 
were used to rinse the filter. The filtrate was placed 
in a refrigerator maintained near 5°C to allow the PMDA-
23 
anisole complex to crystalize. The yellow crystals of 
PMDA-anisole complex were collected by suction filtration 
in a Buchner funnel and washed with about 20 ml of cold 
anisole. The crystals were then transferred to a petri 
dish and placed in a vacuum oven. The ultimate vacuum 
in the oven was about 3 torr. The temperature was raised 
over a period of several hours to 140°C; higher tempera-
tures caused sublimation of PMDA. The heat and vacuum 
caused the complex to decompose yielding fluffy white 
crystals of PMDA which melted at 285.9-286.0°C [lit. 38 
286°C]. 
3. N,N-Dimethylformamide*, DMF. Different purities 
of DMF were used in various parts of this investigation. 
All samples were of greater than 99.9 weight percent 
purity, as determined by gas chromatography. 
DMF (Fisher Chemical Company D-119) was used, as 
received, in all light scattering measurements and in 
the determination of the specific refractive index 
increment of the polymers. 
DMF (Fisher Chemical Company D-133) was used, as 
received, in all viscosity measurements. 
DMF (Fisher Chemical Company D-119) was vacuum 
distilled from molecular sieves at 30°C and 5 torr 
pressure through a 1 foot column packed with glass 
helices. The distillate was stored under argon. The 
product contained about 440 ppm water. This DMF was 
used in all kinetic studies runs and in all syntheses 
except for runs 53-56 
Commercial DMF received from the Carboline Company 
was twice vacuum distilled, as described above. The 
unpurified material had a yellow coloration and a strong 
odor, probably due to dimethylamine. The purified 
material was found to contain about 790 ppm water. 
This DMF was used in runs 53-56. 
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DMF (Ashland Chemical Company) was used, as received, 
for vapor pressure osmometry and gel permeation chroma-
tography. This DMF had a water content of about 770 ppm. 
4. Ethylene glycol monomethyl ether, methyl 
cellosolve (2-methoxyethanol*). Methyl cellosolve 
(Fisher Chemical Company E-182) was used as received. 
The methyl cellosolve was found to be free of peroxides 
as no brown coloration (1 2 ) was observed when the methyl 
cellosolve was tested with a saturated solution of potas-
sium iodide in methanol. Water content of the methyl 
cellosolve was found to be about 330 ppm; gas chroma-
tography showed greater than 99.95 weight percent purity. 
5. Benzene*. Benzene (Fisher Chemical Company 
B-245) was used as received. 
B. Polymer Synthesis 
25 
A complete, detailed description of the methods used 
to synthesize poly(amic acid)s has not appeared in the 
literature. The author has found the following labora-
tory method for the synthesis of poly(amic acid)s in 
conjunction with rigorously purified reactants and 
solvent provided a satisfactory and reproducible means 
of synthesizing poly(amic acid)s. 
1. Synthesis apparatus. 
a. Reaction apparatus. Polymers were synthesized in 
a 500 ml pyrex 3-neck distilling flask which had been 
modified by sealing a glass jacket around the base of the 
flask. This glass jacket allowed circulation of a 
constant temperature fluid around the flask which 
simulated isothermal reaction conditions. 
The contents of the reaction flask were mixed us1ng 
a magnetic stirrer and a 1 3/4 inch teflon coated egg~ 
shaped magnet. By examination with a 45X optical 
microscope, the stirring magnet was found to be free 
from surface cracks. 
The reaction apparatus is shown schematically 1n 
Figure 1. 













b. Controlled atmosphere chamber (Glove Box). 
Polymerizations were carried out within a LABCONCO 
Controlled Atmosphere Glove Box which was modified to 
provide various fluid, gas, and thermocouple inlet and 
outlets and to allow treatment of the atmosphere within 
the chamber. Standard neoprene gloves were used in 
the glove box. 
c. Temperature control and monitoring equipment. 
The reaction temperature was controlled by circulating 
a constant temperature fluid through the jacket around 
the reaction flask. The fluid was a commercial ethylene 
glycol base anti-freeze. The fluid temperature was 
controlled using a Blue M model MR-2416A Utility Bath 
which was modified to allow external circulation of the 
constant temperature fluid. 
The temperatures of the fluid leaving or returning 
to the bath, ambient temperature, or reaction tempera-
ture, could be monitored. Glass enclosed, copper-
constantan thermocouples in conjunction with a 
Consolidated Ohmic Devices model JRSP298 Thermocouple 
Reference Junction and a Honeywell Electronik 194 
Recorder were used to monitor temperatures. 
The temperature control and monitoring equipment are 
shown schematically in Figure 2. 
d. Atmosphere treatment. Once an argon atmosphere 
in the glove box was established, it was continually 
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Figure 2. Temperature Control and Monitoring Equipment 
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utilizing a modified LABCONCO Drying Train. The 
atmosphere was continuously circulated through a column 
of various types of Linde molecular sieves for removal 
of water vapor and through a column of C0 2 absorbent 
(either Ascarite or Indicarb). 
The arrangement used in the glove box atmosphere 
treatment is shown schematically in Figure 3. 
e. Freeze-drier. A VirTis model 10-145-MRBA 
Freeze-drier was used to dry polymer samples. 
f. Miscellaneous equipment. All other equipment 
used in polymer synthesis was standard laboratory 
apparatus and glassware. 
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2. Preparation for synthesis. 
a. Cleaning of glassware. A complete listing of 
of the equipment used in the syntheses of poly(amic 
acid)s and the procedures used in cleaning the equipment 
follows. 
The following equipment contacted either the 
reactants, solvent, or polymer prior to precipitation 
of the polymer: 
2 - 2 ounce bottles used to hold the reactants, 
3 - graduated cylinders with ground glass 
stoppers used to hold solvent, 
2 - 250 ml erlenmeyer flasks with ground glass 
stoppers used to hold methyl cellosolve, 






Figure 3. Glove Box Atmosphere Treatment Arrangement. 
tN 
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1 3/4 inch teflon coated egg-shaped magnet, 
polyethylene powder funnel, 
1000 ml pyrex beaker, 
500 ml separatory funnel, 
glass enclosed, copper-constantan thermocouple, 
a calibrated glass tube used to qualitatively 
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measure viscosity increase during synthesis. 
These items of equipment were cleaned by use of 
sulphuric acid-sodium dichromate cleaning solution 
followed by a minimum of five rinsings with tap water, 
two rinsings with distilled water, and two rinsings with 
residue free methanol. The equipment was dried in an 
oven at 100-ll0°C. 
The following equipment contacted precipitated 
polymer or was used to store non-solvent (precipitating 
agent): 
1 - 2000 and 1 - 1000 ml erlenmeyer flasks 
with ground glass stoppers used to hold 
benzene, 
1 - 1000 ml polyethylene squeeze-bottle used 
to hold benzene, 
1 - 4000, 2 - 2000, and 1 - 1000 ml pyrex 
beakers, 
2 7/8 inch teflon stirring bar, 
2 ~ 5 1/2 inch diameter glass funnels, 
freeze-drying flask. 
These items of equipment were cleaned by scrubbing with 
detergent followed by a minimum of five rinsings with 
tap water, two rinsings with distilled water, and two 
rinsings with residue free methanol. The equipment was 
dried in an oven at 100-ll0°C. 
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b. Handling of reactants and solvents for synthesis. 
Reactants and solvents were weighed and measured directly 
into the containers which would be used in the synthesis. 
PMDA and PPD were weighed to ± 0.0002 g in two ounce 
bottles. The three portions of DMF needed were measured 
in graduated cylinders; two 20.0 ± 0.3 ml portions were 
measured in 25 ml cylinders and a 40.0 ± 0.5 ml portion 
was measured in a 50 ml cylinder. Two 200 ± 2 ml portions 
of methyl cellosolve were measured in a graduated cylinder 
and transferred to stoppered erlenmeyer flasks. The 
2000 ± 40 ml and 1000 ± 20 ml portions of benzene were 
measured in a graduated cylinder and transferred to 
stoppered erlenmeyer flasks. 
c. Glove box preparation. All items of synthesis 
equipment which were too large to pass through the trans-
fer compartment of the glove box were placed in the glove 
box; the door was then closed. An argon atmosphere was 
established in the glove box by use of an evacuation 
balloon. The balloon was inflated inside the glove box 
displacing most of the existing atmosphere in the glove 
box. As the balloon was deflated, the glove box was 
backfilled with 99,996 mole percent argon. The 
inflation-deflation with argon backfilling process 
was repeated a second time. 
Remaining synthesis equipment, reactants, and 
solvents were placed in the glove box through the 
transfer compartment. The transfer compartment was 
evacuated and filled with argon at least three times 
whenever anything was passed through the transfer 
compartment into the glove box. 
3. Detailed synthesis procedure. Polymer synthesis 
was begun after glove box preparation was completed. 
Circulation of the argon atmosphere through the molecular 
sieve and C0 2 absorbent columns was begun and allowed to 
continue throughout the synthesis. After the atmosphere 
had been treated for at least fifteen minutes, circula-
tion of the constant temperature fluid through the 
reaction flask jacket was started. This circulation was 
continued throughout the synthesis. The weighed amount 
of PPD was next added to the reaction flask through a 
polyethylene powder funnel. The amount of PPD and PMDA 
used in the various syntheses is tabulated in Table II. 
Forty milliliters of DMF were used to dissolve the PPD. 
The DMF used in dissolving the PPD was first used to 
rinse thoroughly the bottle used for weighing and 
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storing the PPD. Stirring was begun using a magnetic 
stirrer and teflon coated egg-shaped magnet. Temperature 
recording was begun after the glass enclosed thermocouple 
TABLE II 
SYNTHESIS CONDITIONS 
moles PMDA Temperatures, °C 
Batch g PMDA moles PMDA g PPD moles PPD mole PPD Initial Final Maximum No. 
37 2.5200 0.01155 1. 2249 0.01133 1. 0 200 24.8 25.7 32.5 
38 2.5100 0.01151 1.2321 0.01139 1.0100 26.0 27.6 33.5 
39 2.5250 0.01158 1.2153 0.01124 1.0300 27.5 29.3 3.4. 5 
40 2.5300 0.01160 1.2061 0.01115 1.0400 24.0 24.3 30.0 
41 2.5250 0.01158 1.2095 0.01118 1. 0350 24.8 26.0 30.5 
45 2.5200 0.01155 1.2189 0.01127 1.0250 24.5 25.0 30.7 
47 2.5100 0.01151 1.2260 0.01134 1.0150 23.0 24.0 28.8 
48 2.5050 0.01148 1.2358 0.01143 1.0050 23.7 24.5 29.0 
49 2.5100 0.01151 1.2321 0.01139 1.0100 24.0 23.8 29.5 
so 2.5020 0.01147 1.2373 0.01144 1.0025 23.3 24.3 30.3 
51 2.5000 0.01146 1. 2394 0.01146 1.0000 24.5 25.1 29.7 
52 2.4970 0.01145 1. 2429 0.01149 0.9960 24.0 25.0 34.0 
VI 
.j:::. 
TABLE II (continued) 
moles PMDA 
Batch g PMDA moles PMDA g PPD moles PPD mole PPD No. 
53 2.5020 0.01147 1.2373 0.01144 1.0025 
. 54 2.5020 0.01147 1.2373 0.01144 1.0025 
55 2.5020 0.01147 1.2373 0.01144 1.0025 
56 2.5020 0.01147 1.2373 0.01144 1.0025 
All batches were reacted two hours. 
All concentrations are about 5% w/w solids. 
Weights are ±0.0002g. 
Temperatures are ±0.2°C. 
Temperatures, °C 
Initial Final Maximum 
36.1 40.2 45.0 
44.0 43.8 50.0 
36.7 39.5 41.0 
9.2 10.2 15.5 
t.N 
c.n 
was immersed into the solution. The system was then 
allowed to reach a constant temperature. 
Attainment of constant temperature required from 5 
to 40 minutes, depending upon the difference between the 
synthesis temperature and ambient temperature. The 
reaction was begun by slowly adding solid PMDA to the 
PPD solution. 
Two effects were immediately noticeable as the 
PMDA was added to PPD solution. The white PMDA solids 
changed color to a light brown as they dissolved. 
Dissolution of the PMDA was more rapid at room tempera-
ture or elevated temperatures than at low temperatures. 
An exotherm was noted as the solid PMDA dissolved and 
reacted with the PPD. A typical recorder output 
illustrating this exotherm is shown in Figure 4. The 
PMDA was added to the PPD in small portions to prevent 
the synthesis temperature from rising excessively. 
The addition of the PMDA in small portions caused 
fluctuations in the exotherm, as evident in Figure 4. 
Included in Table II are the initial, final, and maximum 
temperatures of all syntheses. Addition of the PMDA was 
completed in 3-5 minutes. Residual PMDA was rinsed from 
the bottle used for weighing and storing PMDA using 20 
ml of DMF. 
Soon after addition of all the PMDA, the viscosity 
of the synthesis mixture began to increase so an addi-
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This addition occurred 5~7 minutes after the start of 
PMDA addition. In some syntheses the viscosity of the 
synthesis mixture had increased to such an extent that 
the last 20 ml of DMF formed a layer above the viscous 
synthesis mixture. In these cases it was necessary to 
blend the final 20 ml of DMF into the synthesis mixture 
using a spatula. 
Syntheses were allowed to continue for two hours. 
The apparent molecular weight build of the polymer was 
followed qualitatively by measuring the time required 
for the polymer solution to pass through a 5 em length 
of 4 mm J.D. glass tubing which had been reduced to 2 mm 
J.D. at the tip by heating in a flame. The same glass 
tube was used for all measurements. An example of the 
increase in the viscosity of the synthesis mixture is 
shown in Figure 5. In some syntheses the solution 
viscosity increased to such an extent that the magnetic 
stirrer could rotate no faster than 3"5 revolutions 
per minute. 
Recovery of the polymer was begun two hours after 
the addition of solid PMDA was begun. Circulation of 
both the constant temperature fluid through the reaction 
flask jacket and the glove box atmosphere through the 
molecular sieves and C0 2 absorbent were stopped when the 
recovery was started. To increase workability, two 
hundred milliliters of methyl cellosolve were added to 
the reaction flask. In many cases the methyl cellosolve 
38 
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had to be blended into the DMF~poly(amic acid) solution 
with a spatula because of the viscous nature of the 
latter. After five minutes, the contents of the reaction 
flask (including the teflon coated magnet) were trans~ 
ferred to a 1000 ml beaker. Th~ reaction flask was rinsed 
with the remaining 200 ml portion of methyl cellosolve. 
The beaker containing the poly(amic acid) in the 80 ml 
DMF-400 ml methyl cellosolve mixture was then mixed on 
a magnetic stirrer. 
Preparations were next made to precipitate the 
poly(amic acid). Two liters of benzene were placed 1n 
a 4000 ml beaker along with the 2 7/8 inch stirring bar. 
After the polymer solution had been mixed for 15 
minutes, it was transferred to the 500 ml separatory 
funnel. A dropwise addition of polymer solution to 
benzene was begun. The polymer immediately precipitated 
when the poly(amic acid) solution contacted the benzene. 
The precipitate was very light yellow and appeared to be 
fluffy, resembling small, very pale yellow, almost white 
tufts of cotton. The benzene was stirred rapidly during 
the entire precipitation process. 
The time required to complete the dropwise addition 
into benzene varied from 45 to 90 minutes, depending upon 
the drop rate from the separatory funnel. Precipitated 
poly(amic acid) was allowed to swirl in the benzene for 
10-20 minutes after all the poly(amic acid) had been 
added to the benzene. The beaker containing the 
precipitate was then removed from the magnetic stirrer 
and the precipitate was allowed to settle for about 30 
minutes. 
The precipitated polymer was next collected by 
filtration through 24 em Whatman #2 filter paper. 
Filtration was quite slow due to the fine nature of 
the precipitate. 
After nearly all liquid had drained, the polymer 
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was washed in the filters with benzene dispensed from a 
squeeze-bottle. The stream of benzene was directed onto 
the filters in such a way that the polymer from the upper 
parts of the filters would be washed to the bottom of the 
filters. The polymer was allowed to drain thoroughly in 
the filters. 
The polymer was next transferred back to the 4000 
ml beaker by washing it off of the filter paper with 
benzene. One liter of benzene was added to the beaker, 
and the slurry was stirred rapidly to wash the polymer. 
After 30 minutes, the beaker was removed from the 
stirrer for 15 minutes to allow the precipitate to 
settle. 
The polymer was once again collected by filtration 
through 24 em Whatman #2 filter paper. After nearly all 
liquid had drained, the poly(amic acid) was washed in 
the filters with benzene as before. The polymer was 
allowed to drain in the filters. 
The poly(amic acid) was then transferred to a 
freeze-drying flask. Sufficient benzene was added to 
the freeze-drying flask to cover all the polymer. The 
freeze-drying flask was sealed and removed from the glove 
box. The poly(amic acid) precipitate in benzene was 
frozen in liquid nitrogen, and the polymer was placed on 
a freeze-drier to remove the solvent. The polymer was 
left on the freeze-drier for three days during which time 
its temperature rose to ambient; the pressure in the 
freeze•drier was between 0.05 and 0.5 torr. 
The poly(amic acid) dried as a fine yellow powder. 
There were usually several large clumps of polymer; 
however, these were easily crumbled to yield a fine 
powder. Each batch of polymer was passed through a 100 
mesh screen following freeze-drying. It was estimated 
that over 95% of the material passed 100 mesh screen, 
Portions of some polymer batches were screened on a 325 
mesh screen, and appreciable amounts of -325 mesh 
material was obtained in these cases. The polymers were 
stored in glass bottles after they were screened. 
C. Kinetic Studies 
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A thorough investigation of polymerization kinetics 
requires determination of both the rate of consumption 
of reactants and the rate of chain growth of the polymer. 
Kinetic experiments were designed to investigate both 




flask periodically during the synthesis. The reaction 
between the PMDA and PPD was stopped by precipitation of 
the polymer in benzene. 
1. Synthesis apparatus for kinetic studies. 
The syntheses for kinetic studies differed from other 
syntheses in that they were not carried out inside the 
glove box. The reaction apparatus, temperature control 
and monitoring equipment, and freeze-drier were the same 
as described in Section II B 1. 
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An argon atmosphere was maintained over the reaction 
by maintaining an argon purge through the reaction flask. 
Argon was chosen because it is heavier than air. A glass 
gas inlet tube was inserted in one of the necks of the 
reaction flask. All other equipment was exposed to air. 
Other equipment used in these experiments were 
standard laboratory items. 
2. Preparation for kinetic studies. 
a. Solubility of PMDA and PPD. Meaningful data 
for the rate of polymer formation could only be obtained 
if neither reactant precipitated along with the polymer. 
PPD was found to be readily soluble in benzene; however, 
PMDA was found to insoluble in benzene. 
A study was made to determine the solubility of PMDA 
under synthesis conditions. A 0.125 g quantity of PMDA 
was dissolved in 20 ml DMF. This amount of PMDA would 
remain if a polymerization were only 80% complete. The 
PMJ)A cry,s,tals, became·· pink as they contacted the DMF and 
dissolved. One hundred milliliters of methyl cellosolve 
were added to the PMDA solution. The solution was then 
transferred to a separatory funnel and added dropwise to 
500 ml benzene. There was no visible precipitate when 
the PMDA solution contacted the benzene. No solid PMDA 
was visible after the PMDA solution in benzene was 
allowed to stand overnight. Additional solid PMDA was 
soluble in the PMDA solution. 
A similar experiment was performed using acetone 
as solvent for PMDA rather than DMF-methyl cellosolve. 
A precipitate formed immediately when the solution was 
added to benzene. 
b. Cleaning of glassware. The reaction flask was 
cleaned with sulphuric acid-sodium dichromate cleaning 
solution followed by a minimum of five rinsings with 
tap water, two rinsings with distilled water, and two 
rinsings with residue free methanol. All other glass-
ware was cleaned by scrubbing with detergent, a minimum 
of five rinsings with tap water, two rinsings with 
distilled water, and two rinsings with residue free 
methanol. All glassware was dried in an oven maintained 
at 100-ll0°C. 
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c. Handling of PPM, PMDA, and DMF. PPD, PMA, and DMF 
were handled and stored as described in Section II B 2. 
d. Preparation for synthesis and recovery. Kinetic 
experiments required obtaining seven samples and recovering 
the·polymer formed in these samples. In view of the 
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number of samples and the necessity of adhering to a time-
table for obtaining the samples, complete and thorough 
preparation was necessary for kinetic syntheses. 
The experimental arrangement shown schematically in 
Figure 6 was used for kinetic runs. This arrangement was 
found to be complete and convenient. Fifty milliliters 
of methyl cellosolve were put in each 125 ml erlenmeyer 
flask, and 250 ml of benzene was put into each 500 ml 
erlenmeyer flask. Each flask was covered with aluminum 
foil. Each 2 oz bottle was marked with sample and run 
number, four holes were punched in the polyethylene caps, 
and the bottle plus·cap weighed. These bottles would 
subsequently be used in freeze-drying the polymer. 
3. Synthesis procedure for kinetic experiments. 
After all synthesis preparation was complete, the 
synthesis procedure was begun by purging argon through 
the reaction flask. The argon flow was maintained at 
all times during the synthesis except for the times when 
reactants were added to the reaction flask. After the 
argon flow had continued for about ten minutes, circula-
tion of the constant temperature fluid through the 
reaction flask jacket was begun and was continued 
throughout the synthesis. PPD was added to the reaction 
flask thro~gh a polyethylene powder funnel and dissolved 
in 40 ml DMF. In all cases 1.2373 g (0.01144 mole) of 
:PfD was y.sed. The DMF used to dissolve the PPD was 
. ~ .. _ -~~ . 
first dsed'to·rihse thbroughly the bottle used to store 
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Figure 6. Experimental Arrangement for Kinetic Studies. 
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a. 
the PPD. A glass enclosed thermocouple was immersed in 
the solution and temperature recording was begun. The 
system was then allowed to reach a constant temperature. 
Table III lists the temperatures of the three kinetic 
experiments. 
Addition of 2.5020 g (0.01147 mole) of PMDA was 
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begun after the reaction flask had reached constant 
temperature. The color of the dissolving PMDA and the 
exotherm noted on addition of the PMDA were as described 
in Section II B 3. Dissolution of PMDA at low temperature 
was considerably slower than at room or elevated tempera-
tures. Addition of all PMDA required from 72 to 120 
seconds. Residual PMDA was rinsed from the bottle used 
for storing PMDA using 40 ml DMF. The electric timer 
was started as soon as all solid PMDA had been added to 
the reaction flask; this would be time = 0.0 for 
kinetics treatment. 
Samples were withdrawn from the reaction flask at 
times from about 1 to 90 minutes after addition of all 
PMDA. Sampling times for the three kinetic experiments 
are tabulated in Table III. An identical sampling 
procedure was used in all cases. 
An 8.0 ml sample was withdrawn from the reaction 
flask with a 10 cc syringe and a large bore (#13) 
hypodermic needle. Slightly more than 8 ml samples 
were used for the ten minute and later samples. This 
was done in an attempt to compensate for the volume of 
TABLE III 
SYNTHESIS TEMPERATURES AND SAMPLING TIMES 
FOR KINETIC EXPERIMENTS 
Initial Temp. = 1.4°C 
Maximum Temp. = 13.8°C 
Final Temp. = 3.6°C 
Sample: LT- 1 2 3 4 5 
Time of addition to 
methyl cellosolve 
(sec) : 100 230 330 613 1245 
Time of addition to 
benzene (sec): 130 250 350 640 1260 
Initial Temp. = 25.2°C 
Maximum Temp. = 34.5°C 
Final Temp. = 26.2°C 
Sample: RT- 1 2 3 4 5 
Time of addition to 
methyl cellosolve 
(sec): 72 180 320 644 1335 
Time of addition to 
benzene (sec): 90 205 340 680 1370 
Initial Temp. = 44.0°C 
Maximum Temp. = 52.5°C 
Final Temp. = 44.0°C 
Sample: HT- 1 2 3 4 5 
Time of addition to 
methyl cellosolve 
(sec): 67 196 317 620 1311 
Time of addition to 












air bubbles which resulted when the viscous poly(amic 
acid) solution was drawn into the syringe. The poly-
Carnic acid) solution was injected into 50 ml of methyl 
cellosolve. The mixture was stirred rapidly with a 
magnetic stirrer-teflon coated magnet as the polymer was 
injected. Polymer solutions were allowed to mix in the 
methyl cellosolve from about 20 seconds for the less 
viscous s~les to about 100 seconds for more viscous ones. 
The poly(amic acid) solution was next poured into 
500 ml of benzene to precipitate the polymer. The 
benzene was stirred vigorously with a magnetic stirrer-
teflon coated magnet. The entire polymer solution was 
added to the benzene in about 10-20 seconds. The 
precipitated polymer was allowed to swirl in the benzene 
briefly before the flask was removed from the magnetic 
stirrer to let the polymer settle. 
The precipitated polymer was collected by filtra-
tion through 24 em Whatman #2 filter paper. Flasks used 
for precipitation were rinsed three times with benzene. 
The appearance of the precipitate differed between 
samples. Samples from early in a given synthesis tended 
to be quite fine and showed little tendency to agglom-
erate or settle in benzene. Samples from later in the 
same synthesis seemed to have a tendency to agglomerate 
and settle from the benzene. The last samples in the 
synthesis settled and agglomerated most rapidly and 
tended to form what appeared to be a film on the sides 
·. 
of the filter paper. The tendency to agglomerate and 
settle increased and occurred earlier in a synthesis 
with increasing reaction temperature. 
The polymers were washed with benzene after most 
of the liquid had drained from the filter. The stream 
of benzene was directed from the squeeze-bottle onto 
the filter in such a way that the polymer from the 
upper parts of the filter would be washed down into the 
bottom of the filter. Polymers were washed three times 
in this manner. 
Following the final rinsing, the polymer was 
transferred to a two ounce glass bottle. Benzene was 
added to the bottle such that all polymer was covered. 
The bottle was capped, then the poly(amic acid) 
precipitate in benzene was frozen in liquid nitrogen. 
After three or four samples had been recovered and 
frozen, the sample bottles were placed in a freeze-
drying flask and placed on the freeze-drier to remove 
solvent. The temperature in the freeze-drier rose from 
liquid nitrogen temperature to ambient temperature; the 
pressure was between 0.05 and 0.5 torr. 
Following three days of drying on the freeze-
drier, the bottles were weighed to determine the amount 
of material in each sample. The dried polymer was a 
light yellow solid which easily crumbled to a fine 
powder. 
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D. Polymer Characterization 
Poly(amic acid)s were characterized by a variety 
of techniques in order to investigate their molecular 
structure, molecular weight, behavior in the solid 
state, and behavior in dilute solution. 
1. Scanning electron microscopy. A sample of the 
poly(amic acid) powder was examined with a JEOLCO JSM-2 
Scanning Electron Microscope. A conductive silver paste 
was used as an adhesive for mounting the sample onto a 
copper sample mount. Since the polymer was a non-con-
ductor, a thin gold film was vapor deposited on the 
surface. 
2. Ultraviolet, visible, and near infrared 
spectroscopy. The absorption spectrum of the poly(amic 
acid) was obtained over the wavelength range of 213-2700 
millimicrons using a Perkin-Elmer model 450 Spectro-
photometer. The spectrum was obtained from a thin film 
(0.5-1.0 mil) of the poly(amic acid) cast from a DMF -
methyl cellosolve mixture in a 2 1/8 inch diameter 
aluminum dish. The film was exposed to a vacuum of 
about 2 X 10- 6 torr for about ten hours to remove as 
much associated solvent as possible. 
3. Infrared spectroscopy. Infrared spectra were 
obtained over the wavelength range of 2.5 to 25 microns 




Spectra were obtained by preparing KBr pellets of 
the polymers. The KBr and polymer were thoroughly mixed 
and ground to a fine powder in a "Wig~L~Bug"; pellets 
were formed by pressing at a pressure of 100,000 psig 
under vacuum. Sample concentration was approximately 
0.7 weight percent; path length of the pellets was 
about 0. 5 mm. 
4. X-ray analysis. A low and high molecular weight 
poly(amic acid) were investigated with X-ray techniques. 
A Picker X-ray unit with a chromium X-ray tube was used. 
A detailed description of the X-ray system appears in 
h 1 . 39 t e 1terature. A Straumanis camera with the film in 
the regular (Bradley and Jay) position was used. The 
film was wrapped with seven layers of black paper and 
one layer of aluminum foil to reduce background due to 
long wavelength radiation. Film exposure time was twelve 
hours. 
The usual method of using petroleum jelly as an 
adhesive for mounting the sample onto a glass fiber or 
glass plate was found to be unacceptable for work with 
poly(amic acid)s. Petroleum jelly was found to give 
broad but weak "halo" peaks around 11° and 19° of 28 
with copper Ka radiation. Petroleum jelly also seemed 
to ''wet" the poly(amic acid)s. A similar "wetting" 
effect has also been noted with some organometallic 
materials. 40 
A different experimental method for mounting samples 
for X-ray analysis was used with the poly(amic acid)s. 
The fluffy powders were loaded into a glass capillary. 
A plunger which fit tightly in the capillary was 
constructed by sealing the end of a hypodermic needle. 
The plunger was used to compress the polymer into rods 
which were extruded from the capillary. The extruded 
rods of polymer (about 0.88 mm diameter) were mounted 
and aligned in the Straumanis camera. 
5. Small angle X-ray scattering. Small angle X-ray 
scattering analyses of a low and high molecular weight 
poly(amic acid) were made by Drs. H. D. Keith and 
F. J. Padden at the Bell Laboratories, Murray Hill, 
New Jersey. 
6. Thermogravimetry and differential thermal 
analysis. Simultaneous thermogravimetry (TG), derivative 
thermogravimetry (DTG), and differential thermal analysis 
(DTA) were performed on a Mettler Thermoanalyzer. All 
analyses were performed using 8 mm platinum crucibles. 
Aluminum oxide (Al 2 0 3 ) was used as the reference material 
for DTA measurements. A 4°C per minute heating rate was 
used in all measure~ents. Both flowing air (5.72 1/hr) 
and flowing argon (4.55 1/hr) atmospheres were used. An 
empirical correction for the effects of convection 
currents and buoyancy was applied to all TG data. 
7. Determination of the amount of associated 
sol vent.. . Poly (amic : a~id) s were found to contain an 
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appreciable amount of solvent (DMF) associated with the 
polymer chains. A method was developed 28 to determine 
the amount of associated solvent in solid poly(amic 
acid)s and 1s presented in detail in Appendix B. 
When used in analyses of kinetic samples, the 
method was modified to allow all seven samples in a 
synthesis to be analyzed at once. Samples of poly(amic 
acid) were put into tared porcelain crucibles (Coors 
number 230 size 1). The difference between the weight 
of the crucible plus polymer and the empty crucible was 
used for the term SW in equation (4) of Appendix B. The 
seven crucibles containing portions of the seven kinetic 
samples were then heated to 350°C and maintained at this 
temperature for four hours in a Thermolyne type 2000 
Muffle Furnace. After the crucibles had cooled, they 
were weighed and the difference between the weights of 
a crucible plus polymer before and after heating was 
used for the term WL in equation (4) of Appendix B. 
8. Viscosity measurements. Viscosities of polymer 
solutions were obtained using a size 75 Cannon-Ubbelohde 
Semi-Micro Dilution Viscometer. Efflux times were 
measured to the nearest 0.1 second with an electric 
timer. Temperature was controlled at 30.00 ± 0.02°C 
with a constant temperature bath. 
The following procedure was used in solution prepa-
ration. The 10 ml volumetric flasks used in viscosity 
measurements were cleaned using sulphuric acid-sodium 
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dichromate cleaning solution followed by repeated 
rinsings with tap water, rinsed twice with both distilled 
water and methanol, and dried in an oven at 100-ll0°C. 
A polymer sample was accurately weighed (± 0.0002 g) in 
the volumetric flask. About 7 to 9 ml of DMF were added 
to the flask. The flask was agitated until no large 
agglomerates of solid polymer remained. The flask was 
flushed thoroughly with nitrogen, stoppered, and placed 
' 
in a refrigerator (0-5°C). After remaining in the 
refrigerator a minimum of eight hours, usually overnight, 
the flask was shaken to see if solid particles could be 
observed. If apparent dissolution had been achieved, 
the flask was allowed to warm to room temperature, then 
filled to the 10 ml mark with DMF. The solution was 
filtered into a clean 10 ml volumetric flask using a 
Swinny syringe filter holder and a Gelman type Alpha-6 
0.45 micron filter. 
The filtered solution was charged to the viscometer 
using a 5 cc syringe and a 15 inch #19 needle. The 
syringe was filled to greater than the indicated 4.0 cc 
mark, then inverted and all solution in excess of the 
indicated 4.0 cc and any air in the syringe and needle 
were forced out. Exactly 4.0 cc of solution, as 
indicated on the syringe, were charged to the viscometer. 
Dilutions were made in the viscometer. Dilutions 
of exactly 4.0 cc of DMF, as indicated on the syringe, 
were made. The same 5 cc syringe was used in charging 
all solutions and in all dilutions. The technique used 
in filling the syringe described in the preceding 
paragraph was used in all dilutions. All DMF used in 
dilutions was first filtered through 0.45 micron filters. 
By using 4.0 cc dilutions the solution concentrations 
were: C , 1/2 C , 1/3 C , and 1/4 C . 
0 0 0 0 
Following measurements on a given polymer, the 
viscometer was cleaned by flushing thoroughly with DMF, 
then rinsed twice each with distilled water, residue 
free methanol, and residue free ethanol. The viscometer 
was dried in an oven at 100-ll0°C. Immediately prior to 
its next use, the viscometer was purged with nitrogen 
while being cooled from the oven temperature to 30°C. 
Polymer solution concentrations were chosen such 
that relative viscosities (nrel) were between 1.1 and 
1.9. 
Efflux times were near or above 100 seconds (solvent 
efflux time was 85.0 seconds). A kinetic energy correc-
tion was experimentally determined and was applied to 
some data. The kinetic energy effects were found to 
be small and were, therefore, neglected. 
Some of the viscosity data were treated by the 
method of von Oene and Cragg41 to determine if a correc-
tion was necessary due to polymer absorption in the 
viscometer capillary. This correction was found to 
be unnecessary. 
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9. Specific refractive index increment measurement. 
The specific refractive index increment (dn/dc) was 
measured using a Brice-Phoenix model BP-2000-V 
Differential Refractometer. 
The temperature of the measuring cell block was 
controlled by circulating water from a constant tempera-
ture bath through the cell block. The instrument has 
no provision for measuring cell temperature; however, 
the water in the constant temperature bath was maintained 
at 25.2 ± O.l°C during the measurements. 
The instrument was calibrated using potassium 
chloride solutions as suggested in the instrument 
. t . 1 42 1ns ruct1on manua . Calibration data were obtained 
using distilled water and KCl (Fisher Chemical Company 
P-217) which had been dried 17 hours in a vacuum oven 
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at 90°C. Literature values for ~n42 were fitted to a cubic 
polynomial in concentration. Values for ~n at the 
concentrations used in this work were calculated from 
this polynomial. Average values for the calibration 
constant in the equation 
~n = k ~d, 
where ~n is the change in refractive index of the 
solvent due to a known concentration of 
solute, 
~d is the distance (arbitrary scale) which the 
image of the entrance slit of the refractometer 
is moved because of the refractive index 
difference between the solution being 
measured and pure solvent, 
k is a calibration constant, 
were found to be: 
k = 0.102 x 10-~ for green (546 m~) light, 
k = 0.310 x 10- 4 for blue (436 m~) light. 
10. Light scattering photometry. Light scattering 
measurements were made using a SOFICA model 42000 Photo 
Gonia Diffusometer. The instrument was operated at 
0 
25.0 ± 0.3°C. Green incident light (A = 5460A) was 
used. Proper performance of the instrument was checked 
by measurements of known benzene and glass standards and 
narrow molecular weight polystyrene samples. 
Measuring cells were checked for irregularities in 
the glass prior to their use in light scattering 
measurements. Cells were used only if they had less 
than a 1% variation in intensity at 90° viewing angle 
with dedusted benzene when rotated 360° in the cell 
holder. Cells were cleaned with sulphuric acid-sodium 
dichromate cleaning solution followed by repeated 
rinsings in distilled water and drying at 100-ll0°C 
before their use in measurements. 
Solutions for light scattering measurements were 
prepared in the following manner. Poly(amic acid) was 
accurately weighed in a SO ml volumetric flask which had 
been cleaned with sulphuric acid-sodium dichromate 
cleaning solution, rinsed well with tap water, distilled 
58 
water, and residue free methanol, then dried in an oven 
at 100-ll0°C. About 40-45 ml of DMF were added to the 
flask; then the flask was agitated to break up all 
large agglomerates of polymer. The same procedure for 
dissolution was followed as outlined in "Viscosity 
measurements". 
Polymer solutions and solvent were filtered through 
the filtration apparatus described in detail in Appendix 
C. Forty-seven millimeter Gelman type Alpha-6 0.45 
micron filters were used. The liquids were passed 
through the filter ten times before any intensity 
measurements were made. 
Intensity measurements were made on DMF after ten 
and more passes through the filter. It was not possible 
to reduce the dissymmetry (i 45 o/i135o) of the solvent 
below about 1.55 with conventional filtering techniques. 
Intensity fluctuations at low angles were also observed. 
These intensity fluctuations and the high dissymmetry 
suggested the presence of small particles. Highly polar 
solvents have been reported to be difficult to clarify. 43 
High dielectric constants of highly polar solvents 
reportedly make them excellent suspending and dispersing 
media for sub-micron particles. 
A thin layer of kaolin clay was poured over the 
filter membrane. With this layer of kaolin clay over 
the filter,· dissymmetries· for DMF. could be reduced to 
about 1~16. All solutions for light scattering 
59 
measurements were filtered through the clay covered 
membrane. The clay covered membrane was rinsed with a 
portion of at least 5 ml of the solution which would be 
filtered next to allow possible adsorption of polymer 
onto the clay and membrane. 
Concentrations employed in light scattering 
measurements were C , 2/3 C , 1/2 C , and 1/3 C . 0 0 0 0 
Concentrations 2/3 C and 1/2 C were prepared by 0 0 
diluting 20 ml portions of C0 with 10 and 20 ml of DMF 
respectively. The 1/3 C was prepared by diluting 20 
0 
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ml of 2/3 C0 with 20 ml DMF. About 20-25 ml of sample 
were used in the measuring cell when obtaining data. 
11. Vapor pressure osmometry. Number average 
molecular weights (Mn) were obtained on selected poly-
Carnic acid) samples using a Mechrolab Model 301 Vapor 
Pressure Osmometer (VPO). The instrument was equipped 
with a non-aqueous thermistor probe and a 37°C thermostat. 
The VPO operates on the principle of the lowering 
of the vapor pressure of a solvent by addition of a 
solute. A drop of pure solvent is placed on one of a 
set of two thermistor beads, a drop of solution is placed 
on the other. The difference in vapor pressures of the 
solvent and solution results in a temperature difference 
(nT) between the thermistor beads~ The temperature 
difference between the two thermistor beads results 
in a dif;erence in resistance between the thermistor 
beads which is read on a precision Wheatstone bridge. 
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Longer times, over 10 minutes, were necessary for 
the 6T between solution and solvent thermistor beads to 
stabilize using DMF as the solvent in the osmometer, 
compared with 2-5 minute times for more common VPO 
solvents. However, once the 6T between thermistor beads 
did stabilize, the bridge imbalance, 6R, read on the 
instrument was very repeatable on a given sample. 
Readings were taken 17 minutes after the solution drop 
was placed on the solution thermistor. 
The VPO was calibrated using a 4,000 molecular 
weight polystyrene standard obtained from Pressure 
Chemical Company, Pittsburgh, Pennsylvania. The value 
of the calibration constant in the equation 
Mn= K 
where Mn is the number average molecular weight, 
g/mole, 
6R is the difference in resistance between the 
thermistor beads, ohms, 
c is the solute concentration, moles/1, 
K is the calibration constant, g-ohm-1-mole- 2 , 
was found to be 300,000 g-ohm-1-mole- 2 • 
An attempt was made to obtain Mn by membrane 
osmometry. DMF caused the membranes (Schleicher and 
Schuell #08) to swell. The swelling resulted in a high 
rate of mass diffusion of polymer through the membrane. 
12. Gel permeation chromatography. Gel permeation 
chromatography (GPC) analyses were performed using a 
Waters Ana-Prep Gel Permeation Chromatograph. All 
analyses were made at 35°C at a flow rate of about 1 
ml/min. 
All poly(amic acid)s, except those synthesized in 
the kinetic experiments, were analyzed with a set of 
four "STYRAGEL" columns. Nominal exclusion limits for 
0 0 
the four columns were: >5(10) 6A, 7(10) 5 -5(10) 6A, 
0 
5(10)~-1.5(10) 5A, and 5(10) 3 -1.5(10)~. The column set 
was calibrated with a series of narrow molecular weight 
distribution polystyrene standards. The calibration 
curve both in terms of peak molecular weight and 
hydrodynamic volume is reproduced in Figure 7. The 
hydrodynamic volume calibration required knowledge of 
the Mark-Houwink relationship for polystyrene in DMF at 
35°C. This relationship was not found in the literature 
and, therefore, was experimentally determined. The Mark-
Houwink relationship for polystyrene in DMF at 35°C was 
found to be: [n] = 3.18 x 10- 4 M0 • 603 • 
The GPC columns were repacked before samples from 
from the kinetic experiments could be analyzed. The 
"STYRAGEL" packing was replaced with columns of Corning 
Controlled Porosity Glass and "PORASIL". When poly(amic 
aci.(i) sain:ples were injected into these columns' they 
failed to elute. Corning. Glass and "PORASIL" were 
reported to have active boron and sodium atoms which 
'/'. 
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Figure 7. GPC Calibration Curve. 
could adsorb polar polymer molecules. 44 A solvent 
mixture of 99% DMF-1% triethylene glycol was used in 
hopes that the triethylene glycol would "tie up" the 
active sites in the columns. No improvement was 
observed using this solvent mixture. A 0.25% solution 
of p-aminobenzoic acid was injected through the columns. 
p-Aminobenzoic acid contains both amino and carboxylic 
acid linkages, as does a poly(amic acid) molecule, and 
might interact with the packing, deactivating it. 
This treatment also failed to improve the performance 
of the GPC columns toward poly(amic acid)s. Adsorption 
of poly(amic acid) molecules has also been observed by 
E . 45 zr1.n. 
GPC analyses of poly(amic acid) samples can not be 
completed until either a method is developed to 
deactivate the Corning Glass and "PORASIL" packings 
or new "STYRAGEL" columns are purchased. 
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IV. RESULTS AND DISCUSSION 
Poly-(p-phenylene pyromellitamic acid)s were 
prepared by reacting pyromellitic dianhydride (PMDA) 
and p-phenylenediamine (PPD) in N,N-dimethylformamide 
(DMF) as shown in equation (1). 
(1) 
(The benzene ring in the dianhydride portion of the 
poly(amic acid) repeat unit has been drawn to allow the 
existence of 1,3- and 1,4-amide linkages.) 
The poly-(p-phenylene pyromellitamic acid)s were 
converted to poly·(p~phenylene pyromellitimide)s by 
thermal treatment as shown in equation (2). 
(2) 
-{2n-2)H 0 2 
Q 0 r~:o:~)-oNt 
0 0 
A series of poly-(p-phenylene pyromellitamic acid)s 
were synthesized by the method described in Section III 
B. These poly(amic acid)s were studied both in the 
solid state and in dilute solution. Syntheses were 
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performed as described in Section III C in order to gain 
an insight into the kinetics of the polymerization 
reaction. 
A. Characterization of Solid Poly-(p•phenylene 
pyromellitamic acid) 
' .. 
The solid poly(amic acid)s prepared by the proce-
dures described in Section III B were fine yellow 
powders. These solids were characterized by studying 
their morphology, their molecular structure, their 
thermal behavior, and their ability to retain solvent 
associated along the polymer chains. 
1. Scanning electron microscopy. Scanning electron 
microscopy (SEM) provided a technique by which the 
morphology of poly(amic acid) powders could be observed. 
Figures 8 and 9 are micrographs of the poly(amic 
acid) from batch 48 at magnifications 300X and lOOOX. 
The flat grey regions in Figures Band 9 are the 
conductive silver paste used to hold the polymer to the 
copper sample mount. The polymer had passed a 100 mesh 
screen (149 micron opening) prior to analysis. Examina-
tion of Figures 8 and 9 clearly show that the solid poly-
Carnic acid) has precipitated as thin, irregularly shaped 
platelets of polymer. An estimate of the size of the 
platelets can be made from the micrographs. The 
platelets appear to have planar dimensions of 3-4 ~m by 
1-2 ~m and thicknesses of 0.1-0.2 ~m. 
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Figure 8. Micrograph of Poly(amic acid), 300X 
Figure 9. Micrograph of Poly(amic acid), lOOOX 
2. Ultraviolet, visible, and near infrared 
spectroscopy. The visible spectrum of a typical poly-
(p-phenylene pyromellitamic acid) is shown in Figure 10. 
The absorption in the wavelength range 390-500 milli-
microns is characteristic of a yellow material. 
The near infrared spectrum of this poly(amic acid) 
shows no absorptions from the visible region to a 
wavelength of 2.7 microns. The ultraviolet spectrum 
shows total absorption from the visible region to a 
wavelength of 213 millimicrons. 
3. Infrared spectroscopy. Infrared spectroscopy 
(IR) was used to confirm the expected structure of the 
poly(amic acid). The structure of poly-(p-phenylene 
pyromellitamic acid) given in equation (1) has been 
confirmed by both its own IR spectrum and the IR 
spectrum of the resulting polyimide whose structure is 
given in equation (2). 
The IR spectrum of poly-(p-phenylene pyromellitamic 
acid) is shown in Figure 11. Probable assignments of 
the bands in Figure 11 are tabulated in Table IV. Five 
bands are present in Figure 11 which are not assigned 
in Table IV. The bands at 2920, 1440, and 1390 cm- 1 
are most likely due to DMF associated along the polymer 
chains. DMF shows strong absorptions at these wave-
numbers. These absorptions are not present in the 
infrare.d spectrum of a poly Carnic acid) sample which had 
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Figure 10. Visible Spectrum of Poly-(p-phenylene pyromellitamic acid) 
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INFRARED BAND ASSIGNMENTS FOR 
POLY-(p-PHENYLENE PYROMELLITAMIC ACID) 
Wavenumber Probable Reference 
em- 1 Band Assignment 
Absorptions due to the amide group: 
3240-3320 N-H stretch 46,47,49 
1660 C=O stretch (amide I) 46,47,49 
1550 shoulder CNH vibration (Amide II) 46,47 
1250 CNH vibration (Amide I I I) 46,47,49 
Absorptions due to the carboxylic acid groups: 
3000 very broad 0-H stretch 49,50 
2700-2400 overtones and combinations 49,50 
1725 C=O stretch 49,50 
1410 OH in plane deformation 49,50 
1318 c-o stretch 49,50 
910 OH out of plane 49 
deformation 
Absorptions due to aromatic rings: 
3050 C-H stretch 46,47,49,50 
1610 aromatic ring stretch 46,47,49,50 
1570 shoulder aromatic ring stretch 46,47,49 
668 aromatic ring bending 49 











49,50 in phase, out{isolated H 
of plane 
wagging para subst. 49 
of H 
! possible CH bending in para subst. ring 35 35 
72 
73 
10- 6 -10- 7 torr). The small peak at 1779 cm- 1 could be due 
to either small numbers of imide linkages which have 
formed (the complementary peak at 725 cm- 1 is not present, 
however) or may be due to the aromatic ring stretching due 
to the 1, 2, 4, 5- substituted ring (the complementary 
band near 1730 cm- 146 would be masked by the carbonyl 
peak). A definite assignment for the shoulder at 3400-
3600 cm- 1 will not be made. The shoulder is present 1n 
h IR f b . 1. d 4 7 . h . t e spectrum o enzan1 1 e, suggest1ng t at 1t may 
arise from N-H absorption. A peak is present at about 
3430 cm- 1 in the spectra of PMDA and phthalic anhydride. 48 
This peak in the anhydrides is probably due to overtones 
of the carbonyl peaks. The shoulder in the spectrum of 
the poly(amic acid) could also be an overtone of the 
carbonyl absorptions. 
The IR spectrum of poly-(p-phenylene pyromellitimide) 
is reproduced in Figure 12. Probable assignments of the 
IR bands of the polyimide are tabulated in Table V. 
Three bands in Figure 12 have not been assigned in Table 
V. A small peak at 1865 cm- 1 probably is an anhydride 
absorption due to anhydride end groups. A broad absorp-
tion appears at 3450 cm- 1 which is possibly an overtone 
of the carbonyl absorption. Wrasidlo and Aug1 51 attri-
buted absorption near this wavenumber to amide N-H 
stretching resulting from crosslinking of the polymer 
during thermal cyclization. A shoulder in the IR 
spectrum of the polyimide at 1650 cm- 1 suggests the 
WAVELENGTH IN MICRONS 
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Figure 12. IR Spectrum of Poly-(p-phenylene pyromellitimide) 
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Absorptions due to the imide group: 
1779 imide due to symmetrical C=O stretch 
1730 imide due to asymetrical C=O stretch 
725 imide ring carbonyl deformations 
1355 C-N stretch 










aromatic ring stretch 
aromatic ring stretch 
aromatic ring stretch 
aromatic ring bending 
aromatic ring bending 
fin phase, out of place lisolated H 
~wagging of H para subst. 






bending or bonds resulting 
from the aromatic rings. 
They are present in either 
















presence of some amide linkages in the polymer. However, 
comparison of the ratio of the 3450 cm- 1 to 1650 cm- 1 
absorption in Figures 11 and 12 shows that the 3450 cm- 1 
band is probably not due exclusively to N-H absorption. 
This band is most probably due to carbonyl overtones 
with a contribution to its intensity from N-H stretching 
resulting from crosslinked polymer and uncyclized poly-
Carnic acid). Bishop and Smith 52 have estimated that one 
uncyclized o-carboxyamide unit exists per eight or nine 
polyimide repeat units. 
4. X-ray analysis. The polyimide from PMDA and PPD 
h b d 11 . . 8,15 as een reporte to crysta 1ze upon preparat1on. 
No mention was made in the literature of the crystal-
linity of the corresponding poly(amic acid). 
X-ray analyses were obtained on poly(amic acid)s 
from batches 41 and 55 (low and high molecular weight). 
The X-ray patterns were both characteristic of an 
amorphous polymer, indicating that poly-(p-phenylene 
pyromellitic acid) does not contain short range order. 
However, because of the nature of crystallinity in 
polymers, results from conventional X-ray analysis are 
only indicative and must be confirmed by small angle 
methods. 
5. Small angle X-ray scattering. Ordering in 
polymer molecules is characterized by apparent inter-
planar (d) spacings which are much larger than those 
commonly found in simple organic molecules and 1n 
76 
inorganics. The Bragg relation nA = 2dsin8 predicts 
that polymer crystallinity will therefore be indicated 
at low values of the diffraction angle e. Small angle 
X-ray scattering (SAXS) has become a common technique 
for studying polymer crystallinity. 
Samples of the poly(amic acid) from batches 41 and 
55 (low and high molecular weight) were investigated by 
SAXS by Drs. H. D. Keith and F. J. Padden at the Bell 
Laboratories. The samples" ... are both completely 
devoid of crystallinity." The result" ... is certainly 
one that is clear cut." 54 
6. Thermogravimetry and differential thermal 
analysis. Thermogravimetry (TG) and differential 
thermal analysis (DTA) were employed to determine the 
amount of solvent associated with the polymer (to be 
discussed in Section III A 7), and to study the thermal 
behavior of the poly(amic acid)-polyimide system. 
Analyses were performed both in air and in argon in 
order that the thermal behavior of the polymers could 
be investigated in both oxidative and nonoxidative 
atmospheres. 
a. Thermal behavior in air. A typical TG curve 
for a poly(amic acid) heated in air is shown in Figure 
13. The TG curve can be divided into four essentially 
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Figure 13. Thermogravimetry of Poly-(p-phenylene 
pyromellitamic acid) - Poly-(p-phenylene 
pyromellitimide) in Air 
78 
1000 
Weight loss regions I and II could be due either 
to associated solvent (DMF) being released as hydrogen 
bonds are dissociated, or to the escape of water formed 
during the conversion of poly(amic acid) to polyimide. 
A series of experiments were designed using TG and IR 
to determine the mechanism causing the weight loss in 
regions I and II. Individual samples were heated to 
SO, 75, 100, 125, 150, 175, and 200°C and maintained at 
their respective temperatures until they reached constant 
weight. IR spectra were then obtained on the polymer 
remaining after the heating procedure. Figure 14 shows 
the portion of the IR spectrum from 2500 cm- 1 to 
3400 cm- 1 for poly(amic acid) samples heated at 100, 125, 
150, and 175°C. The peak at 2920-2930 cm- 1 has been 
assigned to aliphatic C-H stretch which has been 
attributed to the associated DMF. Examination of 
Figure 14 shows the disappearance of this peak between 
125 and 150°C indicating that much of the associated 
DMF has escaped. Figure 15 shows the portions of the 
IR spectra from 700-750 cm- 1 and 1600-1850 cm- 1 for 
poly(amic acid) samples heated at 75, 100, 125, 175, 
and 200°C. Conversion of poly(amic acid) to polyimide 
can be followed by the disappearance of the amide peak 
at 1660 cm- 1 and appearance of imide peaks at 725 and 
1779 cm- 1 • Examination of Figure 15 shows that cycliza-
tion (ring closure) begins near 100°C and continues up 
79 
to 200°C. Appreciable cyclization occurs from 175-200°C. 
80 
f ' ' ~ . 
Figure 14. Changes in theIR Spectrum of Po1y-(p-pheny1ene 
pyrome11itamic acid) During Cyc1ization, 
2500-3400 cm-1 
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Figure 15. Changes in the IR Spectrum of Poly-(p-phenylene pyromellitamic 
acid) During Cyc1ization, 700-750 and 1600-1850 cm-1 
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These infrared studies indicate that region I in the TG 
curve, shown in Figure 13, is predominately due to the 
escape of DMF which was associated with the polymer. 
Region II is predominately due to the escape of water 
eliminated during the conversion of poly(amic acid) to 
polyimide. Extrapolation of the linear weight loss 
portions of the TG curve results in the intersection of 
region I and region II at about 135 ± 5°C. 
Region III shows only a small weight loss and 
represents the region in which the polyimide is 
thermally stable. All possible cyclization and solvent 
removal have occurred prior to this region, but oxidative 
decomposition has not yet begun. The slight weight loss 
(<3%) in the linear portion of region III could be 
partly due to removal of the last amounts of water and 
solvent or to decomposition of low molecular weight 
polymer. As shown in Figure 13, region III extends from 
about 210 ± 10 to 545 ± 20°C. 
The polymer undergoes total decomposition 1n region 
IV. Rapid decomposition begins at about 545 ± 20°C and 
continues until the polymer is totally decomposed at 
670 ± l5°C. An elemental microanalysis of the partially 
pyrolyzed residue remaining after heating to 600°C was 
obtained. Approximately 50% of the polyimide (material 
present at 350°C) remains at 600°C in air. The composi-
tion of residue is: 66.19% C, 1.62% H, 11.62% N, and 
82 
20.57% 0 (by difference)t and can be represented by the 
empirical formula (C H N 0 ) . The theoretical 
13·3 3·9 2 3 X 
composition for the polyimide (C H N 0 ) is 66.21% c, 
16 6 2 4 X 
2.08% H, 9.65% N and 22.05% 0. The microanalysis shows 
that the composition of the residue has not changed a 
great deal upon the heating, even though about half of 
the polyimide present at 350°C has decomposed. Much of 
the polymer must still have its original composition. A 
possible structure for several repeat units of the 
polymer, which is consistent with the decomposition 
mechanism proposed by Bruck, 55 and the composition of 
the residue after pyrolysis in argon (to be discussed in 
the next section) is: 
The composition of this structure approaches the composi-
tion of the residue. The high oxygen content of the 
residue indicates that chain scission with release of 
CO or CO is probably not the principal mode of decompo-
2 
sition. A unit-by-unit mechanism for decomposition of 
tElemental microanalysis by Galbraith Laboratories, 
Knoxville, Tennessee. 
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the polymer molecules proposed by Scala and Hickam 56 and 
supported by Shulman and Tusing 57 provides a decomposi-
tion mechanism which allows the polymer chains to remain 
intact. The unit-by-unit mechanism involves a chain 
depolymerization (unzippering) with oxidation of the 
fragments. 
Weight loss data were obtained from the TG curves 
as functions of both time and temperature in the ring 
closure and decomposition regions. Data from the 
initial portion of a weight loss region (shape of the 
derivative thermogravimetric (DTG) curve is negative) 
were used in a kinetic analysis. The data were found 
to obey Arrhenius type kinetics. A typical Arrhenius 
plot for the cyclization and decomposition reactions 
1s shown in Figure 16. 
The apparent activation energy for decomposition 
of poly-(p-phenylene pyromellitimide) over the tempera-
ture range 475-585°C is 41.9 kcal/mole (standard 
deviation= 3.6 kcal/mole for five samples). An activa-
tion energy for decomposition of this polyimide (from 
PMDA and PPD) has not appeared in the literature. 
Activation energies for the decomposition in air of 
duPont's H-film (from PMDA and 4,4'-diaminodiphenyl 
h ) b bl . h d Bruck58 - 60 has reported et er have een pu 1s e . 
activation energies of 31 and 33 kcal/mole and Heacock 
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Figure 16. Arrhenius Type Plots for Poly(amic acid) 
Cyclization (Ring Closure) and Polyimide 
Decomposition 
The apparent activation energy for the cyclization 
reaction of poly-(p-phenylene pyromellitamic acid) over 
the temperature range 130-175°C is 7.1 kcal/mole 
(standard deviation= 0.7 kcal/mole for five samples). 
Although this value 1s well within the range of values 
of activation energies for gases diffusing through 
polymers, 62 diffusion control is believed to be unimpor-
tant in the cyclization. The average value of 7.1 kcal/ 
mole was obtained from analyses of polymers passing a 
100 mesh screen (149 micron opening). An average 
apparent activation energy of 6.9 kcal/mole (standard 
deviation = 1 kcal/mole for four samples) was obtained 
upon analyses of polymers passing a 325 mesh screen (44 
micron opening). The activation energies are not 
statistically different. Scanning electron microscopy 
of the poly(amic acid), Figures 8 and 9, shows that the 
polymer particles are thin platelets with an estimated 
thickness of 0.1-0.2 ~m and planar dimensions of 3-4 x 
1-2 ~m. SEM also revealed that the particles exist as 
loosly bound agglomerates and that the products passing 
the 100 and 325 mesh screens differed only by the sizes 
of the agglomerates. The loosly bound agglomerates and 
thin particles would be less likely to result in a 
diffusion controlled process than thicker particles. 
Kinetic data for the thermal cyclization of this poly-
(amic acid) have not appeared in the literature; 
however, data have been published for the poly(amic acid) 
86 
from PMDA and 4,4~diaminodiphenyl ether. Kruez, et. 
al.,27 studied cyclization of polymer films and reported a 
two step cyclization, a slow step below 150°C with an 
activation energy of 23 ± 7 kcal/mole followed by a 
rapid step with an activation energy of 26 ± 3 kcal/mole. 
63 Laius, et. al., reported activation energies of 23 to 
30 kcal/mole, the activation energy increasing as the 
cyclization reaction progressed. Kolesnikov 64 reported 
an activation energy of 24.0 kcal/mole for the r1ng 
closure reaction. 
Some of the kinetic data were treated by the method 
proposed by Friedman65 in order to estimate an apparent 
kinetic order for the ring closure reaction. Friedman's 
method yielded small positive values (<0.08) or negative 
values for the reaction order indicating that the 
cyclization reaction obeys zero order kinetics over the 
87 
130-175°C temperature range subjected to kinetic analysis. 
If the cyclization reaction obeys zero order kinetics, 
the rate of decrease in weight of the polymer with 
respect to time would be represented by: 
-dm/d8 = k 
where m 1s the weight of polymer, mg, 
8 lS the time, min, 
k is a rate constant, mg/min. 
The heating rate is held constant during analysis: 
dT/d8 = y 
where T 1s the temperature, °K, 
y 1s the heating rate, °K/min. 
Since the reaction apparently follows Arrhenius type 
kinetics, the effect of temperature on the rate constant 




R lS the 
A lS the 
(-E /RT) 
k = Ae a 
activation energy, kcal/mole, 
gas constant, kcal/(mole o K) ' 
frequency factor, mg/min. 
The three equations may be combined to yield equation (3) 
( -E /RT) 
-dm/dT = (A/y)e a 
which 1s the non-isothermal rate equation for the zero 
(3) 
order reaction. For the 7.1 kcal/mole activation energy 
found in this study, equation (3) predicts that the rate 
of weight loss during the thermal cyclization of the 
poly(amic acid) should be essentially constant from 
130°C to 200°C, vary1ng less than 0.2%. A recorder 
trace illustrating both the thermogravimetric (TG) and 
derivative therrnogravim~tric (DTG) curves is reproduced 
1n Figure 17. Examination of Figure 17 shows that the 
TG curve is linear and the DTG curve is constant from 
155-185°(. These TG results are consistent with zero 
order kinetic behavior. Deviation from zero order 
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Departure from zero order kinetic behavior below 155°C 
could be due to the presence of residual solvent. If 
DMF remains hydrogen bonded to some of the carboxyl 
groups of the poly(amic acid), the cyclization of these 
groups to imide linkages may follow somewhat different 
kinetic behavior than would be followed if the associated 
solvent were not present. The departure from zero order 
kinetics above 185°C could result from the decreased 
chain mobility which would result as poly(amic acid) 
was converted to polyimide. Localized stiffness in the 
polymer chains could retard proper orientation of the 
amide and carboxylic acid groups for cyclization. Zero 
order kinetics also indicates that the observed behavior 
in the ring closure step is not diffusion controlled. 
If the process were diffusion controlled, the rate of 
weight loss would be proportional to the concentration 
of the diffusing species and would not display apparent 
zero order kinetic behavior. Studies of the reaction 
order for cylcization of other poly(amic acid)-polyimide 
systems reported in the literature have been contra-
dictory. IR studies of the thermal cyclization of the 
poly(amic acid) from PMDA and m-phenylenediamine in 
22 
dilute solution yielded a reported order of 1.10. 
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Kruez, et. al. , 27 studied thermal cyclization of the poly-
Carnic acid) from PMDA and 4,4'-diaminodiphenyl ether by 
IR. Their data did not allow an unequivocal determina-
tion of the reaction order; however, first order 
behavior was assumed on the basis of studies with model 
compounds. They point out, however, that kinetic 
similarities between poly(amic acid) and model compound 
cyclizations are limited. Laius, et. al. , 63 in IR 
studies of the PMDA-4,~-diaminodiphenyl ether system 
reported a reaction order changing from 2.2 to 3.2 
between 160°C and 250°C. 
The DTA curves for polymers heated 1n air were all 
very similar. A broad endotherm exists between 100 ± 20 
and 200 ± 20°C with its peak near 170 ± l0°C. This 
endotherm may be part of a broader endotherm which begins 
below 50°C. If this broader endotherm exists, there is a 
second less intense peak at 70 ± l0°C. A definite state-
ment as to the existence of this second peak can not be 
made. This possible broad endotherm begins immediately 
after the start of the analysis. Consequently, an initial 
baseline for the DTA curve can not be obtained after 
analysis is begun. Definite determination of the DTA 
baseline 1s also complicated since there is probably a 
difference in heat capacities of the poly(amic acid) and 
polyimide which would cause a change in the DTA baseline 
during the broad endotherm. The DTA curve does show 
that the net process of imide ring formation, dissocia-
tion of hydrogen bonds between the solvent and polymer, 
and escape of solvent and water is endothermic. A broad, 
intense exotherm occurs from the onset of rapid oxidative 
decomposition of the polyimide near 475°C until 
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decomposition is complete. The peak of this exotherm 
is at 580 ± l0°C. 
b. Thermal behavior in argon. A typical TG curve 
for a poly(amic acid) heated in argon is shown in Figure 
18. The sample was heated to 900°C and maintained at 
900°C for 100 minutes. The TG curve in argon can also be 
divided into four distinct regions. 
Region I of Figure 18 corresponds to region I and II 
of Figure 13. In this region the hydrogen bonds associ-
ating DMF along the polymer chain are dissociated, and 
the cyclization reaction occurs. Region I extends to 
approximately 215 ± l0°C, nearly the same temperature 
marking the end of solvent removal and cyclization in air. 
Region II of Figure 18 corresponds to region III of 
Figure 13 representing the temperatures at which the 
polyimide is thermally stable. This region extends to 
about 600 ± 25°C, about 50°C higher than the temperature 
for an oxidative atmosphere. 
In region III the polyimide undergoes rapid 
degradation. The rapid degradation occurs between 
600 ± 25°C and 650 ± 25°C. 
Above 700°C in region IV, the pyrolyzed residue 
resulting from the polymer exists. An appreciable amount 
of residue remains after heating the polyimide to 900°C. 
Approximately 48-50% of the material present at 350°C 
remains after heating the polyimide to 900°C and main-
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Figure 18. Thermogravimetry of Poly-(p-phenylene 
pyromellitamic acid) - Poly-(p-phenylene 
pyromellitimide) in Argon 
An elemental microanalysis of the pyrolysis residue was 
obtained and shows the residue composition to be: 84.48% 
C, 0.10% H, 6.39% N, anu 9.03% 0 (by difference).t 
An empirical formula for the residue is 
(C HN 0 ) . 
70.9 4.6 5.7 X 
94 
The only possible structure for such a carbonized residue 
would be the fused aromatic structure proposed by Bruck. 55 
The weight loss data obtained from the TG curves 
were subjected to the same type of kinetic treatment 
used in analyses of samples heated in air. The data 
obeyed Arrhenius type kinetics. The plots were 
similar to those for heating in air shown in Figure 16. 
tElemental microanalysis by Galbraith Laboratories, 
Knoxville, Tennessee. 
The apparent activation energy for decomposition 
of poly-(p-phenylene pyromellitimide) in argon over the 
temperature range 540 to 630°C is 53.9 kcal/mole 
(standard deviation= 5.0 kcal/mole for four samples). 
Activation energies for the non-oxidative degradation 
of H-film have been reported by Bruck as 73-74 kcal/mole 
for degradation in vacuum, 58 - 60 whereas, Heacock and 
Berr61 found activation energies of 54.0 kcal/mole in 
helium. 
The apparent activation energy for the cyclization 
reaction 1n argon of poly-(p-phenylene pyromellitamic 
acid) 1s 6.3 kcal/mole over the temperature range 130-
1750C (standard deviation= 1.3 kcal/mole for four 
samples). This value is not statistically different 
than the value for ring closure in air. The weight loss 
data in argon appear to follow zero order kinetics. The 
similar results obtained in argon and air suggest that 
the cyclization reaction is independent of atmosphere. 
The DTA curves for polymers heated in argon and air 
are identical up to 350°C, showing a broad endotherm. 
Above 350°C, the DTA curve in argon shows a very broad 
but weak exotherm from about 500 to 650°C, the same 
temperature range over which the rapid degradation of 
polyimide occurs. 
95 
7. Associated solvent determinations. Solvents for 
poly(amic acid)s must be capable of very strong polymer-
solvent interactions. Such solvents remain associated 
along the polymer chain after recovery of the polymer. 
The amount of associated solvent in poly(amic acid) 
samples was determined by the method presented in detail 
in Appendix B. Results of these determinations on poly-
mer samples which were characterized are presented in 
Appendix D, Table VII. A minimum of two determinations 
were made on each sample. If the results of two deter-
minations differed by more than 0.005 g DMF/g poly(amic 
acid), additional determinations were made. Table VII 
lists the average and the range of values of the associ-
ated sol vent determinations for each sample. 
Kruez, et. al., suggested that one mole of solvent 
is associated with each carboxyl function in a poly-
( . . d) 2 7 amlc acl . If one mole of DMF were associated with 
each carboxyl function by hydrogen bonding as suggested 
by Hatton and Richards, 20 the solvated poly(amic acid) 
repeat unit would have the following structure: 




The poly(amic acid)s synthesized and characterized in 
this study contained from 0.218 to 0.308 g DMF/g poly(amic 
acid). These values correspond to an average of about 
0.97 to 1.37 associated solvent molecules per polymer 
repeat unit as compared to a theoretical value of 2.00. 
Our recalculation of Kruez's data 27 indicate that 
his poly(amic acid) (from PMDA and 4,4'-diaminodiphenyl 
ether, N,N-dimethylacetamide as solvent) contained an 
average of about 1.90 associated solvent molecules per 
polymer repeat unit. Kruez obtained his solid poly(amic 
acid)s as films cast from N,N-dimethylacetamide. The 
films were allowed to attain constant weight under 
vacuum at room temperature. 
If two solvent molecules are associated per poly(amic 
acid) repeat unit, as suggested by Kruez's data, the 
method of synthesis and recovery of solid poly(amic acid)s 
presented in this work offers an improved method for pre-
paration of solid poly(amic acid)s. Poly(amic acid)s syn-
thesized in this work contained from 51 to 72% of the amount 
of associated solvent contained in solid poly(amic acid) 
films cast from a solvent. Less solvent remained associated 
with the polymer when recovered by the method presented in 
this work, probably because the solid polymer was obtained 
as a fine powder. A given mass of polymer will have a much 
higher exposed surface area for solvent removal if it is in 
the form of a fine (-100 mesh) powder rather than in film 
form. Thus, the fine powder would have a higher rate of 
mass diffusion of solvent from the interior of the solid 
than possible with a film. 
98 
The effect of high vacuum on the amount of associated 
solvent in poly(arnic acid)s was studied in conjunction 
with development of the method to determine the amount of 
associated solvent (Appendix B). Two samples of poly-
Carnic acid) containing 0.279 g DMF/g poly(amic acid) were 
exposed to medium vacuum, the pressure ranging from 
10- 6 -10- 7 torr. After exposure to this vacuum, the 
samples contained 0.086 and 0.110 g DMF/g poly(amic acid). 
Exposure to this vacuum reduced the average number of 
associated solvent molecules per repeat unit from 1.25 
to 0.38 and 0.49 for the two samples. The variation 
of the amount of associated solvent after vacuum treat-
ment is due to differences in the ultimate vacuum in the 
two experiments. 
Determination of the amount of associated solvent 
ln the poly(amic acid) samples made possible the prepara-
tion of solutions of known polymer concentrations for use 
in dilute solution studies. 
B. Dilute Solution Characterization of Poly-(p-phenylene 
pyromellitamic acid) 
Poly(amic acid)s were characterized by dilute 
solution techniques in order to determine the average 
molecular weights of specific samples and to gain an 
insight into the dilute solution thermodynamic behavior 
of poly(arnic acid)s. 
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1. Viscosity measurements. Viscosity measurements 
provide one of the simplest means of gaining an indication 
of the molecular weight and solution behavior of polymer 
molecules. Viscosity measurements also provide one of 
the simplest and fastest methods of studying polymeri-
zation variables. 
a. Treatment of viscosity data. Viscosity data 
were obtained at two levels of accuracy in this study. 
Efflux times from a constricted glass tube were measured, 
as described in Section III B 3. Viscosity data were 
also obtained in a Cannon-Ubbelohde Viscometer, as 
described in Section III D 8. 
The glass tube was calibrated with three known 
viscosity silicone oils. A linear relation between 
absolute viscosity and efflux time was assumed, as 
suggested by the Hagen-Poiseuille law (NRe<<2,000). The 
efflux time from the glass tube could be converted to 
the absolute viscosity by the relation 
ll = 37.8t - 18 
where ll is the viscosity, centipoise, 
t 1s the efflux time, seconds. 
Viscosity data from the Cannon-Ubbelohde Viscometer 
were treated by three relationships to determine the 
intrinsic viscosity of the polymer samples. The rela-
tionships used were the Huggins equation, 
n /c= [n] + k'[n] 2 c 
sp 
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the Kraemer equation, 
and the Martin equation, 
where [n] is the intrinsic viscosity, dl/g, 
Tlsp is the specific viscosity, unitless, 
11 rel is the relative viscosity, unitless, 
c is the polymer concentration, g/dl, 
k, k' 
' 
and k" are constants. 
Intrinsic viscosities were also calculated by the method 
described by Maron and Reznik. 66 This method involves 
simultaneous solution of the Huggins and Kraemer equa-
tions and application of the condition that k' + k" = 1/2. 
Maron and Reznik's method assumes that the Huggins and 
Kraemer equations are the first terms in a power series. 
Their method uses an additional concentration term in 
the power series expansions and, thus, will not limit 
analysis of viscosity data to the linear region. 
The results of the intrinsic viscosity determinations 
are tabulated in Table VIII of Appendix D. Values of [n] 
and the constants k' and k" as determined by the various 
methods are included in this Table. Viscosity data 
obtained in this study are best represented by the Martin 
and Huggins equations. A typical intrinsic viscosity 
determination based upon the Martin equation is shown in 
Figure 19. Intrinsic viscosity determinations based 
upon the Huggins and Kraemer equations and by Maron and 
Reznik's method are shown in Figure 20. Neither the 
Kraemer equation nor Maron and Reznik's method represent 
the viscosity data for all polymer samples. Viscosity 
data which are not represented by the Kraemer equation 
have plots of (ln n 1 /c) vs. c which are concave re 
downward. The data which are not well represented by 
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Maron and Reznik's plot of ~/c 2 vs. c (~ = n - ln n 1 ) sp re 
are also concave downward. These data are the same 
data not represented by the Kraemer equation. This 
result was not unexpected, since the Kraemer equation is 
used in the development of Maron and Reznik's equation. 
The viscosity-concentration relationship repre-
senting viscosity data has been reported to give an 
indication of the strength of the polymer-solvent inter-
actions. Weissberg, Simha, and Rothman 67 found that 
viscosity data for polymers in poor solvents can be 
satisfactorily represented by the Martin equation. 
Sakai 68 has compared several viscosity-concentration 
relationships. He found that the Martin equation is the 
best extrapolation procedure for determination of the 
intrinsic viscosity of polymers in poor solvents. The 
intrinsic viscosity, [n], and the initial slope, k', 
predicted by use of the Martin equation are closer to 
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Figure 19. Intrinsic Viscosity Determination by 
Martin's Equation 
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Figure 20. Intrinsic Viscosity Determination by the 
Huggins and Kraemer Equations and Maron 
and Reznik's Method 
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by other extrapolation procedures. Sakai has found 
that 
the Kraemer equation should display a positive initia
l 
slope and be concave downward for poor solvent system
s. 
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The representation of the viscosity data by the 
Martin equation and the downward curvature of the (ln 
nrel/c) vs. c plot may be taken to indicate that DMF 
does not behave as a good solvent for poly-(p-phenylene 
pyromellitamic acid). 
Values of the constant k' (Table VIII) also indicate 
that DMF is not a good solvent for the poly(amic acid). 
In a good solvent k' is often near 0.35.
69 The value 
of k' is higher in poorer solvents. At the theta p
oint 
0.5 < k8 ~ 0.7. 70 
Poly(amic acid)s have been reported to exhibit 
polyelectrolyte behavior in dilute solution at conce
n-
. 
2 9 10 
trat1ons below 0.003 g/ml. ' ' Polyelectrolyte 
behavior would be evident by marked increases in the
 
value of n /c with decreasing concentration. This 
effect 
sp 
was not observed 1n any of the dilute solution visco
sity 
determinations. The lowest concentration employed in
 
viscosity measurements was 0.002 g/ml. 
b. Correlation of viscosity data with synthesis 
variables. The molecular weights of poly(amic acid)s 
prepared in this work were varied by changes in the 
synthesis variables; in particular the mole ratio of
 
dianhydride to diamine and the reaction temperature.
 
The effects of changes 1n these variables upon both the 
solution and intrinsic viscosities were studied. 
Several batches of PMDA and PPD were purified prior 
to synthesis of the series of polymers which would 
subsequently be characterized. Sufficient PMDA and PPD 
were purified so that all anticipated syntheses could be 
performed with a common batch of reactants. The first 
four syntheses performed with this common batch of 
reactants were part of a series of runs at room 
temperature and were at mole ratios of PMDA/PPD of 1.02, 
1.01, 1.03, and 1.04. These syntheses were performed 
on separate days within eight days after purification of 
the reactants. The maximum solution viscosity attained 
during a synthesis increased with the mole ratio of 
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PMDA/PPD up to a ratio of 1.03, then decreased at 1.04, 
as shown in Figure 21 (shaded circles). The same type 
of effect of reaction stoichiometry on the maximum 
solution viscosity attained during synthesis has been 
2 d . H d W . h g,lO 
reported by Bower and Frost an D1ne- art an r1g t. 
Subsequent syntheses from these common batches of PMDA 
and PPD did not result in high solution viscosities 
during synthesis; note the point at a mole ratio of 1.035 
in Figure 21. These syntheses were performed after the 
reactants had been stored 12 days. This inability to 
to attain a high synthesis solution viscosity at any 
mole ratio and previous experience with PMDA and PPD was 
thought to be caused by one or both of the reactants 
being somehow deactivated during storage. 
All remaining polymerizations in this study were 
performed using reactants purified not more than one 
day prior to polymer synthesis. The effect of reaction 
stoichiometry on the maximum solution viscosity attained 
in synthesis using freshly purified reactants is also 
shown in Figure 21 (open circles). Figure 21 shows that 
the mole ratio necessary for maximum solution viscosity 
during synthesis has been reduced from 1.03 to 1.00 
when the reactants were purified immediately prior to 
polymerization. 
The optimum mole ratio for attainment of high 
solution viscosity for synthesis of poly(amic acid)s 
was reported to be 1.0466 by Bower and Frost. 2 Dine-
Hart and Wright 9 ' 10 found the optimum mole ratio to be 
1.005, or about 1/10 the excess of dianhydride reported 
by Bower and Frost. The necessity for the slight excess 
of dianhydride has been postulated to be due to partial 
hydrolysis of the PMDA during storage. 2 Neither Bower 
and Frost nor Dine-Hart and Wright specified the 
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length of time their reactants were stored. The lower 
amount of excess PMDA needed in this study and Dine-
Hart and Wright's studies, 9 ' 10 as compared to the amount 
reported by Bower and Frost, 2 is probably due to the 
purification method used for PMDA. Complex formation 
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Figure 21. Maximum Viscosities Attained During Synthesis 
purifying PMDA than vacuum sublimation, 9 , 10 the 
procedure used by Bower and Frost. 
The effect of reaction stoichiometry on the 
intrinsic viscosity of poly(amic acid)s prepared from a 
common batch of reactants and from reactants purified 
prior to synthesis is shown in Figure 22. Figure 22 
shows that intrinsic viscosities of all polymers 
prepared in this study fall on a common curve when 
related to reaction stoichiometry; no significant 
differences are noted in intrinsic viscosities between 
samples prepared from a common batch of reactants and 
polymers prepared from reactants purified immediately 
before synthesis. Poly(amic acid)s of highest molecular 
weight (highest [n]) are formed when the diamine and 
dianhydride are present in equimolar quantities. The 
necessity of providing an almost exact equivalence of 
functional groups for formation of higher molecular 
weight polymer is characteristic of step-growth poly-
merization reactions, 71 verifying that the ring-opening 
reaction leading to formation of poly(amic acid)s 
proceeds by a step-growth mechanism. 
Comparison of Figures 21 and 22 shows that the 
solution viscosity attained during synthesis is not 
always an accurate indication of the molecular weight 
of the polymer. Some syntheses resulted in a high 
viscosity attained during synthesis, yet had compara-
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Figure 22. Effect of Reaction Stoichiometry Upon 
Intrinsic Viscosity 
had relatively low solution viscosities during synthesis 
but had comparatively high intrinsic viscosities. 
Examination of Figures 21 and 22 also shows that the 
maximum solution viscosities range over four orders 
of magnitude while the intrinsic viscosities vary only 
from 0.416 to 0.716. 
A possible explanation for the unusual behavior 
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noticed in the solution viscosities may be a phenomenon 
somewhat similar to behavior shown by polyelectrolytes. 72 
If ionization of the a-carboxylic acid group were to take 
place, the poly(amic acid) would resemble a polyelectro-
lyte. This ionization has been noted in dilute solution 
(<0.3 g/dl) 9 , 10 and appears to be typical polyelectrolyte 
behavior as described by Flory. 72 Ionization due to salt 
f b d . h 1" 22 ormation has also een reporte 1n t e 1terature. 
The structure of the salt which was postulated is: 
This type of behavior would not be restricted to dilute 
solutions as the true polyelectrolyte effect is. The 
effect of ionization along the polymer molecule would be 
to expand the polymer coils. The expanded polymer 
molecule would have a larger hydrodynamic radius and 
consequently its solution viscosity would be greater 
than if the molecule were not expanded. Varying degrees 
of ionization between batches could account for the 
variation of synthesis viscosity for polymers of nearly 
the same intrinsic viscosity. Effects due to ionization 
would become more pronounced as the polymer molecular 
weight increased, since higher molecular weight polymers 
with their higher degree of polymerization would have 
larger possible hydrodynamic radii. This pronounced 
effect of molecular weight on the hydrodynamic radius 
of the ionized molecule would account for the larger 
variation in solution viscosities than in intrinsic 
viscosities. The cations in the structure drawn above 
1 d b f . 22 were postu ate to e ree am1ne. Free amine (PPD) 
was found to be soluble in benzene and, thus, would be 
removed from the polymer during precipitation, 
consequently this phenomenon would not be observed in 
intrinsic viscosity determinations. 
A series of reactions were performed at a constant 
PMDA/PPD ratio of 1.0025 but at varying temperatures. 
The results of this series of syntheses are shown in 
Figure 23. The solution viscosities show an apparent 
increase with decreasing temperature. However, this 
result may only reflect the increase ln viscosity of the 
polymer solution with decreasing temperatures. The 
intrinsic viscosities show no correlation with 
temperature. Previous investigators have reported 
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Figure 23. Effect of Reaction Temperature upon 
Poly(amic acid) Viscosities. 
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(based on solution viscosities during syntheses) and 
temperature. One investigator reported increasing 
molecular weight with decreasing temperature, 8 while 
others reported an increase in molecular weight with 
temperature to a maximum, followed by decreasing 
molecular weights with higher temperatures. 12 , 13 The 
results of the present study must be considered to be 
qualitative in nature. Examination of Figures 21 and 22 
shows that the PMDA/PPD mole ratio of 1.0025 is on a 
steep portion of the viscosity curves. Errors in 
weighing and handling the reactants can cause rather 
large variations in the viscosities. 
The reaction stoichiometry has been shown to be 
critical in building high molecular weight polymers. 
Errors in weighing and handling the reactants can affect 
the mole ratio of PMDA/PPD. A typical synthesis at a 
mole ratio of 1.0025 requires 2.5020 g PMDA and 1.2373 g 
PPD. Errors in weighing are considered to be <±0.0002 g 
while <0.0003 g is considered lost in handling. The 
total error in the amount of reactants used is therefore 
+0.0002 g ~assumed weight ~-0.0005 g. The mole ratio of 
PMDA to PPD would be 1.0022 ~ 1.0025 ~ 1.0030. 
2. Specific refractive index increment. The value 
of the specific refractive index increment (dn/dc) for a 
polymer in solution is necessary for characterization 
by light scattering. 
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The experimental data for ~n, as a function of poly-
Carnic acid) concentration, are presented in Figure 24. 
The data were fitted to a linear equation by the least 
squares method to determine (dn/dc). Values obtained for 
(dn/dc) were 0.217 g solvent/g for green (546 m~) light 
and 2.54 g solvent/g for blue (436 m~) light. Standard 
deviations for the values were 0.005 and 0.004 g solvent/g 
respectively. These values were converted to more common 
units of cm 3 /g when used in light scattering calculations 
by dividing the values by the density of DMF at 25°C. 
The values of (dn/dc) for poly-(p-phenylene pyromel-
litamic acid) in DMF at 25°C are 0.230 cm 3 /g for 546 m~ 
radiation and 0.269 cm 3 /g for 436 m~ radiation. 
Examination of the visible spectrum of the poly-
(amic acid), Figure 10, shows that the polymer absorbs 
radiation at 436 m~. This absorption will not affect the 
value for (dn/dc) at this wavelength. 
3. Light scattering measurements. Light scattering 
measurements are perhaps the most powerful single method 
of polymer characterization. Light scattering measure-
ments are capable of yielding the weight average molecular 
weight of a polymer molecule, an indication of the strength 
of the polymer-solvent interactions, the size of the 
polymer molecule in solution, and under suitable condi-
tions the shape of the polymer molecule in solution. 
a. Treatment of light scattering data. Experimental 
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Zimm method was chosen rather than the dissymmetry 
method because Zimm's method yields the molecular weight, 
the size of the polymer molecule, and the virial coef-
ficient without any assumption about the shape of the 
polymer molecule in solution. The working equation 
for the Zimm method is: 
where 
1 zr2c 16 2 c-2)t + + ___ n_ [ s ]2 
M M 3M A,# 
w w w 
sin 2 8 
2 
Mw 1s the weight average molecular weight, 
g/mole, 
r 2 is the second virial .coefficient, cm 3 /g, 
c is the polymer concentration, g/cm 3 , 
(52 ) 1s the root mean square radius of gyration 
of the polymer molecule, em, 
A,# is the wavelength of the incident light 
in the medium, em, 
e is the scattering angle, 
(4) 
K8 is a combination of constants, cm 2 mole/g 2 , 
The term 
where 
Re is Rayleigh's ratio, cm 2 /Cm 3 • 
Zn 2 n 2 
--
0 (dn/dc) 2 
NAVA4 
1·s the refractive index of the solvent, no 
NAV is Avogadro's number, 
A is the wavelength of the incident light, em, 
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(dn/dc) 1s the specific refractive index increment, 
cm 3 /g. 
Rayleigh's ratio R8 = i 8 r 2 /I 0 V 
where 18 is the intensity of the scattered radiation 
at angle e, 
V is the scattering volume, 
r is the distance from V at which 18 is measured, 
em, 
1 0 1s the intensity of the incident light. 
Intensities i 8 obtained from the SOFICA instrument were 
corrected for variation of the scattering volume and 
polarization of the scattered light with the scattering 
angle by multiplying the raw intensities by the factor 
sine 
The Rayleigh's ratio is a measure of the absolute 
scattering power of the medium. Dedusted certified 
A.C.S. grade benzene (Fisher Chemical Company, B-245) 
was employed as the primary standard for light scattering, 
its Rayleigh's ratio was taken as 16.3 x l0- 6 cm- 1 for 
546 m~ radiation. This value is within the range of 
d K . b 74 Th values suggested by Carpenter an r1g aum. e 
defining equation for the Rayleigh's ratio may be 
rearranged to the following form: 
If the same measuring cell in the same orientation 1 s 
used in the instrument at the same incident light 
intensity, the right hand side of the above equation 
becomes constant and Rayleigh's ratio values for 
liquids other than benzene may be determined by simple 
intensity measurements. The Rayleigh's ratio for DMF 
was determined by measuring relative intensities of 
benzene and DMF from the equation 
RDMF RBenzene rz 
9 0 9 0 
-- = = 
.DMF .Benzene I 0 V 1 9 0 1 9 0 
and was found to be g,82 x 10- 6 cm- 1 • The validity of 
this approach for determination of R90 has been 
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experimentally verified by Suryanarayanan. 
Light scattering theories are based upon an assump-
tion that scattering molecules are isotropic. The 
scattered light from isotropic particles should be 
partially polarized, depending upon the angle 8, the 
light being completely vertically plane polarized at 
8 =goo. For many linear polymers the assumption of 
isotropy appears to be valid. However, for poly(amic 
acid)s in DMF an appreciable horizontal component was 
noted at 8 =goo, resulting in a total intensity of 
scattered light being greater than predicted by light 
scattering theory. In order to correct for the 
depolarization effects, the left hand side of the 
working equation for the Zimm method, equation (4), was 
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multiplied by the Cabannes factor 
' 
c c e) . 
u 
The Cabannes 
factor, Cu(e), was calculated from the equation: 76 
c ( 8) = 
u 
[1 - ]_ p (90)] (1 + cos 2 8) 6 u 
where Pu(go) is the ratio of intensities of the 
horizontally polarized scattered light 
at goo to the vertically polarized 
scattered light at goo. 
Failure to correct for depolarization would have 
introduced errors ranging from 5 to 20% in intensity 
measurements of poly(amic acid) solutions. 
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Application of the Zimm method required measuring the 
intensity of the light scattered at a series of angles 
for several concentrations. The quantity 
was calculated for each data point and this quantity 
plotted vs. sin 2 8 + kc (k is an arbitrary constant 
2 
chosen to give a convenient plot). A typical Zimm plot 
is shown in Figure 25. Lines of constant concentration 
were extrapolated to 6 = 0. Lines of constant scattering 
angle were extrapolated to c = 0. Extrapolation of the 
c = 0 and 8 = 0 curves to their common intercept 
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Figure 25. Typical Zimm Plot 
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K8cc (8) [ u ] 
Re = 
c = o, e = o 
Examination of equation (4) shows that the initial slope 
of the c = 0 curve yielded (52 ) 1 , while the initial slope 
of the 8 = 0 curve yielded r 2 • 
The intensities required in light scattering 
calculations are the excess intensities of the polymer 
solution over the solvent, i 8 = i~oln - i~olv The 
difficulties encountered in attempting to prepare 
dedusted DMF were mentioned in Section III D 10. 
Polymer solutions were also difficult to clarify; 
however, in many cases it was possible to reduce the 
dissymmetry coefficient (i o/i o) to or near to 1.0. 
It 5 1 3 5 
In order to obtain meaningful results from the light 
scattering measurements, solvent intensities were 
redefined to reduce the dissymmetry of the solvent to 
1.0. Intensities at angles (90° - S) were assumed equal 
to intensities at angles (90° + S). This assumption is 
believed to be entirely justifiable. The size of a m.1F 
molecule is much less than 1/20 of the wavelength of the 
incident light, therefore Rayleigh scattering should 
apply (z = i o/i o = 1.0). 
4 5 1 3 5 
b. Results of light scattering measurements. The 
results of light scattering experiments are tabulated in 
Table IX of Appendix D. Included in this Table are the 
values of the weight average molecular weight, Mw, the 
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values of the second virial coefficients A and r 
' 2 2 ' 
(f 2 = A2 Mw), the mean square radius of gyration, 
1 
-2 -(s ) 2 , and the root mean square end-to-end distance of 
the polymer molecule, (r2 ), (s 2 ) = K (r2 ). The root mean 
square end-to-end distance is calculated assuming the 
the molecules are random coils. 
The relation between the weight average molecular 
weight, Mw' and the intrinsic viscosity, [n], is shown 
in Figure 26. The intrinsic viscosity-molecular weight 
relationship (Mark-Houwink-Sakaruda equation) representing 
the data is: [n] = 25.22 x 10- 4 M 0 " 563 • The equation w 
was determined by least-squares techniques.* Standard 
deviations of the coefficient and exponent in the 
equation are 15.71 x 10- 4 and 0.065 respectively. 
The exponent in the intrinsic viscosity-molecular 
weight relationship offers an indication of the power 
of the solvent. The exponent varies from a value of 0.5 
for a polymer at the theta point to values of near 0.8 
for in thermodynamically good solvent. 
72 
a polymer a 
The exponent found in this work, 0.563, indicates that 
DMF is not a good solvent for poly-(p-phenylene 
pyromellitamic acid). This exponent is consistent with 
*A non-linear least-squares procedure was used. Line-
arizing the Mark-Houwink-Sakaruda equation by taking 
logarithms and fitting the equation ln[n] = ln K + a 
ln M by a linear least-squares procedure gave about 
a 4%wlower value of the exponent. 
0.8 
0.6 
'~· ',.,... ' 
0.4 
0.2 
['Y\] = 25.22x 10-4 Mw 0 ·563 
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Figure 26. Intrinsic Viscosity - Molecular Weight 
Relationship for Poly-(p-phenylene 
pyromellitamic acid) in DMF 
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30 
the results of the intrinsic viscosity determinations 
which also indicated that DMF does not behave as a good 
solvent for this polymer. 
Wallach has reported results of a dilute solution 
study of the poly(amic acid) from PMDA and 4,4'-diamino-
diphenyl ether in dimethylacetamide. 18 He has reported 
an intrinsic viscosity-molecular weight relationship 
of: [n] = 1.85 x 10- 4 M 0 ' 80 • The exponent in this w 
equation is at the upper limit allowed by the Flory-
Fox treatment of intrinsic viscosities and indicates 
highly expanded polymer coils in a very good solvent. 
Comparison of results obtained by Wallach and results 
obtained in this study are very limited since Wallach 
studied a different polymer and a different solvent. 
Wallach studied a poly(amic acid) containing a phenoxy 
group in the diamine component. This group creates an 
ether linkage in the polymer backbone. This ether 
linkage will allow the polymer to assume a wider range 
of conformations than possible when using PPD as the 
diamine. 
Second virial coefficients of the poly(amic acid)s 
characterized in this work are tabulated in Table IX 
of Appendix D. Comparison of the virial coefficients 1n 
77 
Table IX with values for other polymer-solvent systems 
shows that the virial coefficients for poly-(p-phenylene 
pyromellitamic acid) in DMF are about an order of 
1 24 
magnitude larger than values for linear polymers of 
comparable molecular weights. 
Second virial coefficients are an indication of 
125 
the thermodynamic behavior of dilute polymer solutions. 
Thermodynamics of polymer solutions and, consequently, 
the second virial coefficient, are largely dependent upon 
three factors: (1) the polymer molecular weight, 
(2) the magnitude of the polymer-solvent interactions, 
and (3) the conformation or "shape" of the polymer 
molecule. 
The conformation or "shape" of the polymer molecule 
in solution can have a marked effect upon the magnitude 
of the second virial coefficient. Calculations based 
upon statistical thermodynamics show that virial 
coefficients for long rod-shaped molecules are larger 
69 
than those for flexible polymers in good solvents. 
However, evidence to confirm a rod-shaped molecular 
conformation is not present in this work. The exponent 
in the Mark-Houwink-Sakaruda equation should be near 1.8 
69 for rod-shaped molecules, over three times the value 
of the exponent found in this study. 
The effects of molecular weight and polymer-solvent 
interactions are best examined by considering theoretical 
equations for the second virial coefficient. Thermodynamic 
. 69 72 derivations for dilute polymer solut1ons ' result in 
the following expression for the second virial 
coefficient: 
where 
A = Nu/2M 2 2 2 
N 1s Avogadro's number, 
M2 1s the polymer molecular weight, 
u is the total excluded volume. 
The excluded volume represents the volume occupied by 
a molecule which is excluded to all other molecules. 
The excluded volume of flexible coil polymers is 
expressed by the relation: 69 , 72 




where v2 is the partial specific volume of the polymer, 
yo 
1 is the molar volume of the solvent, 
~ 1 is an entropy parameter defined in the 
expression for the entropy of mixing of 
the polymer solution, 
e is defined as the ideal or theta temperature 
and is the temperature at which all polymer-
solvent interactions vanish and the polymer 
solution obeys ideal solution behavior, 
T is the temperature. 
F(X) is a complicated integral whose solution may be 
approximated by the series: 
F(X) = 1 - 2!23/2 
X + X - ... (7) 
where 
RG 1s the radius of gyration of the polymer 
molecule. 
Combining equations (5) and (6) yields: 
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(8) 
The various terms in equation (8) may be examined to 
determine if they are responsible for the large virial 
coefficients. 
The molar volume of the solvent, V~, certainly is 
not the cause of large virial coefficients. Many common 
solvents used 1n dilute solution studies have V~ values 
of a magnitude comparable to that of DMF. Studies of 
other polymer systems in DMF did not result in large 
values of A . 77 2 
Flory has calculated and plotted values of the 
function F(X) as a function of X. 72 The function X may 
. 69 72 
be approximated by the equat1on: ' 
X = 2(a 2 - 1) 
where a is the molecular expansion factor which 1s 
due to polymer-solvent interactions. 
The value of a may be approximated by use of the 
(9) 
128 
Mark-Houwink-Sakaruda and Flory-Fox equations for the 
. t . . . . 7 2 ln rlnS1C V1SCOS1ty: 
[ n] == K' Ma' 
Comparison of the two equations shown that a 3 - Ma'-1. 
The function F(X) is then approximately a function only 
of molecular weight for all polymer-solvent systems of 
the same Mark-Houwink-Sakaruda exponent. For the poly-
(p-phenylene pyromellitamic acid)-DMF system whose 
exponent is 0.563, values of F(X) vary from about 0.65 to 
about 0.61 over the molecular weight range 8,000-22,000. 
For any polymer-solvent system with an exponent 0.563, 
I;(X) varies from 0.80 to 0.48 over the molecular range 
2 0 0 to 1 , 0 0 0 , 0 0 0 . The effect of p o 1 ym e r - s o 1 vent inter -
action on the function F(X) given by equation (8) can 
he qualitatively estimated. This effect will be small as 
these terms are not included in the approximation (equation 
9). As the solvent power increases, ~ 1 (1- %) increases 
resulting in larger values of X and, consequently, a 
e 
smaller value for F(X). In a poor solvent, ~(1 -f) 
Jecrcascs resulting in values of F(X) which increase to a 
limit of 1.0 for a theta solvent at T = e. Therefore, 
F(X) can not be the cause of the large virial coefficients 
found in this study. 
The effect of the thermodynamic terms ~ 1 (1 - ~) in 
equation (8) is difficult to determine quantitatively 
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because of the limited experimental data avai1ahlc for 
these terms. Qualitative observations on the effect of 
these terms are possible, however. These terms arc defined 
in the development of the equations for the excess chemi-
cal potential: 
where (~ 1 - ~~)E lS the excess chemical potential. 
In a theta solvent at T = 8, the polymer behaves as an 
ideal solution and the excess chemical potential is zero; 
therefore, ~ (1 - ~) is 
1 T zero. As the solvent power 
1ncreases, the solution deviates from ideality, and the 
term ~ 1 (1- ~) increases. The exponent in the Mark-
Houwink-Sakaruda equation provides an indication of 
solvent power, ranging from near 0.5 for poor solvents 
to 0.8 for good solvents. The exponent found in this 
study was 0.563 indicating that DMF is not a good solvent 
for the poly(amic acid); therefore, large deviations from 
8 
ideal solution behavior or relatively large ~ 1 (1 - f) 
should not be expected. The molecular expansion factor, 
a, also provides an indication of the magnitude of the 
e 
terms ~ 1 (1- T). h b h h t 
3 , 1a' t It as een s own t a a - ~ . 
Therefore, for a given molecular weight, a increases as 
the solvent power increases. The expansion factor and 
the thermodynamic terms are related through the equation: 
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where CM is a combination of constants. 
The relatively small Mark-Houwink-Sakaruda constant of 
0.563 leads to relatively small values of a and conse-
quently relatively small ~ 1 (1- ~). These qualitative 
results show that the thermodynamic terms are not of a 
magnitude different than found with common linear polymers 
and, therefore, can not be the reason for large second 
virial coefficients. 
The only remaining term in equation (8) is the 
partial specific volume v 2 • If this term can be shown 
to be large in comparison to most common linear polymers, 
the large values of A2 can be explained. Tanford 69 
mentions that v 2 must include, in addition to the volume 
per gram of dry polymer, the volume occupied by any 
"trapped" or associated solvent with the dry polymer 
molecule. Figure 27 is a photograph of Fisher-
Hirschfelder-Taylor molecular models of portions of a 
poly(amic acid) and polystyrene molecules as they may 
appear in dilute solution. DMF molecules have been 
placed next to each free carboxyl group in the poly(amic 
acid). Two poly(amic acid) repeat units have been built; 
the molecular weight of this chain segment is 652. Six 
polystyrene units are pictured; the molecular weight of 
this segment is 624. It appears from Figure 27 that a 
molecule with its hydrogen bonded DMF molecules will 
occupy a greater volume than a polystyrene molecule of 
comparable molecular weight; the radius of gyration of a 
Figure 27. Fisher-Hirschfelder-Taylor Models of Poly-




poly(amic acid) molecule would appear to be larger than a 
comparable molecular weight linear polymer containing 
pendent aromatic groups. This result would seem logical, 
since the poly(amic acid) contains predominately planar 
aromatic rings along its backbone rather than a predomi-
nately carbon atom backbone. The observations with the 
Fisher-Hirschfelder-Taylor models suggest the large values 
of A2 result from a large effective thermodynamic specific 
volume due to associated solvent molecules and the 
numerous planar rings in the polymer backbone. Mention 
should be made that v2 is raised to the second power in 
equation (8) so it has a very strong effect upon the 
value of A 2 • 
Values of the mean square radius of gyration, (s2 ), 
1 
and the root mean square end-to-end distance, (r 2 )~, for 
the polymer samples are listed in Table IX of Appendix D. 
The values 1n Table IX can only be considered to be 
"apparent" or calculated values. The poly(amic acid) 
0 
repeat unit has a maximum length of about 14.6A. This 
value was estimated from Fisher-Hirschfelder-Taylor 
models which are constructed to a scale such that 1 em 
0 
on the model equals lA. For molecular weights ranging 
from 8,600 to 22,000 the maximum end-to-end distance for 
0 
the fully extended chains would range from about 390A to 
0 985A. Values of (s2 ) close to the values expected for 
78 
fully extended chains were reported by Berry and Rumon 
for a pyrrone prepolymer in a 25% dimethylacetamide-75% 
N-methylacetamide solvent mixture. They attributed the 
high values to some interchain associaton of the polymer 
in solution. The apparently normal appearance of their 
Zimm plots was taken as evidence that the association 
was insignificant in its affect on M . Pyrrones and ,., 
poly(amic acid)s are structurally very similar polymers, 
and, therefore, it is possible that some interchain 
association may also exist in poly(amic acid) solutions. 
The large values of (~2 ) could reflect the same solution 
behavior as reported by Berry and Ruman. The cyclic 
dimer structure, which is common in carboxylic acids, 
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Extensive interchain association is not present, however. 
Extensive association would result in very high molecular 
7 8 . . ff. . ts 69 
weights and possibly negative second v1r1al coe 1c1en . 
The radius of gyration was obtained from the initial slope 
of the C = 0 line. Examination of Figure 25 shows that 
lines of constant concentration are slightly curved 
making initial slope determinations difficult. 
The methods used in obtaining and treating light 
scattering data must be considered in the analysis of 
results from light scattering studies. 
ments and consequently the values 
Intensity measure-
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on the Zimm plot (Figure 25) are accurate and are repeat-
able to within 1-2% on a precision light scattering 
photometer such as the SOFICA. However, analysis of the 
data requires extrapolation of lines of constant scattering 
angle to zero concentration, extrapolation of lines of 
constant concentration to zero scattering angle, and 
extrapolation of the two lines obtained by the preceding 
extrapolations to a common intercept. Consequently, 
errors in weight average molecular weight values derived 
from light scattering measurements may be as high as 
5-10%. Errors in the virial coefficient and radius of 
gyration could easily be in error by 100%. 
4. Vapor pressure osmometry. Vapor pressure osmo-
metry (VPO) has become a standard technique for deter-
mining number average molecular weights, Mn. The VPO 1s 
most often used for relatively low molecular weight 
polymers, molecules whose Mn can not be determined by 
membrane osmometry because of mass diffusion through the 
membrane. 
A material of known molecular weight is used to 
calibrate the VPO, the calibration procedure involves 
calculating ~R/C and plotting ~R/C as a function of ~R. 
The line ~R/C is extrapolated to infinite dilution 
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(6R + 0) and a colligative constant, K, 1s calculated 
from the known molecular weight: 
K = Mn (6R/C)C + O 
6R + 0 
A known molecular weight polystyrene (Mn = 4,000) was 
used for calibration rather than a unimolecular organic 
salt of low molecular weight. Calibration with a 
substance of a molecular weight near the molecular weights 
being determined should yield more representative data. 
Molecular weights of poly(amic acid)s were determined by 
measurement of 6R as a function of concentration. The 
value of 6R/C was determined for each concentration from 
the polystyrene calibration curve. Values of 6R/C were 
plotted as a function of C and the value of (6R/C)C + 0 
was determined. The value of Mn was determined from the 
colligative constant K and (6R/C)C + 0 . A typical f1 n 
determination by VPO is shown in Figure 28. 
Number average molecular weights of selected poly-
Carnic acid) samples as determined by VPO are listed in 
Table IX of Appendix D. Mn varies little for the samples 
on wh1"ch Mn was determined. The ratio M /M varies from w n 
approximately 2.2 to 5.3 
Successive readings of R on a particular sample 
were repeatable to within about ±5%. Consequently 
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Figure 28. Mn Determination by VPO. 
5. Gel permeation chromatography. Gel permeation 
chromatography (GPC) is a recent development for 
characterization of polymers and has become a standard 
characterization technique. In GPC, polymer molecules 
are separated on the basis of molecular size by beads 
(of a crosslinked polystyrene, porous silica, or glass) 
which have varying porosity. 
As mentioned in Section III D 12, columns of 
"STYRAGEL" were capable of effecting separations on 
poly(amic acid)s. Columns of Corning Controlled 
Porosity Glass and "PORASIL" adsorbed poly(amic acid) 
molecules making analyses with these column packings 
impossible. 
A typical GPC trace is shown in Figure 29. GPC 
traces for all poly(amic acid) samples were all almost 
identical. Samples began to elute near elution mark 
23. The peak of the curve was near elution mark 31; 
the curve then returned almost to baseline by elution 
mark 33. A second peak was usually noted near elution 
mark 35 to 36. An "impurity" peak due to water eluted 
at elution mark 37 and was followed by other "impurity" 
peaks. 
When the GPC chromatograms are analyzed using the 
GPC calibration curve in terms of hydrodynamic volume 
(Figure 7) and the Mark-Houwink-Sakaruda equation for 
the poly(amic acid) in DMF, it becomes quite apparent 
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highest molecular weight polystyrene standard available 
(peak molecular weight= 1,987,000) elutes at elution 
mark 25.8. An elution at this elution mark corresponds 
to a molecular weight of 741,000 for the poly(amic acid). 
Elution marks 31 and 32 correspond to poly(amic acid) 
molecular weights of 94,000 and 51,300. These molecular 
weights are far higher than molecular weights measured 
by light scattering. 
Since GPC separations are effected by molecular 
size, the molecules appear to be very large. The most 
likely cause for this behavior would be the polyelectro-
lyte effect. Although polyelectrolyte behavior was not 
noticed in other dilute solution techniques, initial 
concentrations 1n the GPC were lower than the most 
dilute samples used in viscosity or light scattering 
measurements. Initial concentrations used in GPC were 
approximately 0.0018 g/ml. As the polymer moves through 
the GPC columns, its concentration will be further 
reduced as separation of molecular sizes occurs. Dine-
Hart and Wright 9 , 10 reported observing polyelectrolyte 
behavior at poly(amic acid) concentrations below 0.003 
g/ml. Ezrin45 has reported polyelectrolyte effects 1n 
GPC studies of poly(amic acid)s. Cha79 has noticed poly-
electrolyte behavior in GPC studies of polyacrylonitrile 
carrying sulfonate groups. The GPC chromatograms and 
derived results published by Cha are quite similar to 
the results of the GPC studies in this work. 
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C. Kinetic Studies 
Very little has appeared in the literature concerning 
the kinetics of formation of poly(amic acid)s. Wrasidlo, 
et. al. , 22 studied formation of poly(amic acid)s by IR 
techniques, however, their studies were limited to the 
reaction at room temperature. Kinetic experiments were 
performed using gravimetric methods in an attempt to 
determine the rate of polymer formation. Samples were 
withdrawn from the reacting mixture and precipitated at 
various stages during the synthesis. These samples were 
characterized to study the rate of chain growth of the 
polymer. 
The results of the studies of the rate of formation 
of poly(amic acid) are summarized in Table VI. Results 
for the experiment at room temperature are presented in 
Figure 30. The solid line in Figure 30 represents 
recoveries calculated from a second order rate equation 
using the rate constant of 1.06 1/(mole-sec) reported by 
22 Wrasidlo, et. al. The agreement between the recoveries 
calculated from the rate equation and those experimentally 
determined is well within the experimental errors inherent 
in the sampling technique, the transfer of polymer 
solutions and solid polymer between containers and filter 
paper, and in the associated solvent determinations. 
Although a rate constant can not be calculated from the 
data, it is apparent that a rate constant near the value 
of 1.06 1/(mole-sec) does represent the data. Syntheses 
TABLE VI 
RECOVERIES AND INTRINSIC VISCOSITIES 
FOR KINETIC SAMPLES 
Sample Number 1 2 3 4 
-
Low Temperature Runs (-3°C) 
% Recovery 97.2 89.9 98.5 95.5 
[n] 0.78 
Room Temperature Runs (-26°C) 
% Recovery 99.1 95.5 95.5 95.7 
[n] 0.70 
[ n] c 0.73 
High Temperature Runs (-44°C) 
% Recovery 95.3 92.9 93.4 95.3 
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Figure 30. Recovery of Poly(amic acid) in Kinetics 
Experiments 
at approximately 3°C, 26°C, and 44°C all yielded recov-
eries between 95-100%. There was no temperature effect 
on the rate observed in this work. 
The rate of chain growth of the poly(amic acid) 
molecules was studied by measurement of the intrinsic 
viscosity of the samples. Intrinsic viscosities were 
determined by the single point determination method 
described by Narr. 80 This method was found to perdict 
values of [n] within 2% of the value obtained by use of 
Huggins, Kraemer, or Martin equations. Examination of 
Table VI shows that the intrinsic viscosity did not vary 
appreciably during a synthesis. These results indicate 
that the poly(amic acid) molecules reach their ultimate 
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molecular weight within the first minute of reaction 
despite the fact that the solution viscosity was observed 
to increase during the syntheses (Figure 5). It is 
important to reemphasize that the solution viscosity 
attained during synthesis can give a misleading 
indication as to the values of the intrinsic viscosity. 
The possibility existed that low molecular chains 
had indeed formed and had been precipitated in the first 
few samples during a synthesis and gave the low solution 
viscosities observed. These low molecular weight poly-
Carnic acid)s may then have reacted to form a higher 
molecular weight polymer when they were dissolved for 
intrinsic viscosity measurements. In order to eliminate 
this possibility, some viscosity determinations were 
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carried out in DMF containing 0.454% phthalic anhydride. 
The phthalic anhydride was added as a monofunctional 
reactant to prevent additional chain growth. Phthalic 
anhydride was added in excess to increase the probability 
of amine terminated polymer reacting with the phthalic 
anhydride rather than with anhydride polymer end groups. 
Intrinsic viscosity measurements in the DMF containing 
phthalic anhydride yielded almost the same results as 
determinations in DMF. 
The results of the kinetic experiments can only 
be considered indicative. The data indicate that 
reactants are converted to polymer with its ultimate 
molecular weight within one minute after the reaction 
is initiated. 
V. CONCLUSIONS 
As a result of this investigation, the following 
conclusions were drawn concerning the synthesis, 
properties, and behavior of poly-(p-phenylene 
pyromellitamic acid): 
1. Poly-(p-phenylene pyromellitamic acid)s can 
be synthesized over the weight average molecular weight 
range 8,000-22,000 by addition of pyromellitic 
dianhydride to a solution of p-phenylenediamine in 
N,N-dimethylformamide at temperatures of 5 to 45°C. 
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The polymers can be recovered as fine yellow powders 
having planar dimensions of 3-4 x 1-2 ~ m and thicknesses 
of 0.1-0.2 ~m. The poly(amic acid) powders contain 
20-30% associated solvent; this amount of solvent is 
less than the amount of associated solvent in poly(amic 
acid) films. Poly-(p-phenylene pyromellitamic acid) is 
an amorphous polymer. 
2. The formation of poly-(p-phenylene pyromel-
litamic acid) is rapid. The reactants used in synthesis 
of the polymer are consumed within one minute of reaction 
time. The polymers reach their ultimate molecular weight 
within one minute of reaction time. 
3. A method has been developed to determine 
quantitatively the amount of associated solvent 1n solid 
poly(amic acid)s by use of thermogravimetry. 
4. The poly-(p-phenylene pyromellitamic acid) can 
be converted to poly-(p-phenylene pyromellitimide) by 
heating to 200°C. The cyclization reaction follows 
apparent zero order kinetics and has an apparent activa-
tion energy of about 7 kcal/mole. 
5. Thermogravimetry of the poly-(p-phenylene 
pyromellitimide) shows that the polymer is stable to 
about 550°C in air and 600°C in argon. Apparent 
activation energies for decomposition of the polyimide 
are about 42 kcal/mole in air and 54 kcal/mole in 
argon. Analysis of the residue remaining after partial 
pyrolysis in air indicates a unit-by-unit degradation 
mechanism. The polyimide loses about 50% of its 
weight on heating to 900°C in argon. The residue 
remaining at 900°C is largely a carbon matrix. 
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6. Intrinsic viscosity measurements show that poly-
(amic acid)s of the highest molecular weight are formed 
when the dianhydride and diamine are present in 
equimolar amounts. Viscosities of the solution during 
polymerization may give a misleading indication of 
the poly(amic acid) molecular weight. 
7. Viscosity-concentration measurements show that 
N,N-dimethylformamide is a poor solvent for poly-
(p-phenylene pyromellitamic acid). The intrinsic 
viscosity-molecular weight relationship is: [n] = 
25.22 x 10-4M 0 " 563 • The exponent in the equation 
w 
also indicates that DMF is a poor solvent for poly-
(p-phenylene pyromellitamic acid). 
8. Light scattering measurements have yielded high 
values for the second virial coefficient and the mean 
square radius of gyration. The apparently high values 
of the virial coefficient are probably due to the large 
partial molar specific volume of the polymer; the 
apparently large mean square radii of gyration are 
probably due to small amounts of interchain association. 
9. Gel permeation chromatography suggests that 
poly-(p-phenylene pyromellitamic acid) behaves as a 
polyelectrolyte in very dilute solution. 
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VI. ADDITIONAL WORK AND APPLICATIONS 
The work presented here represents a fundamental 
investigation into the chemistry of poly(amic acid)-
polyimide systems. Additional fundamental studies 
remain to be done as well as research for potential 
new uses for polyimides. Suggestions for futher 
investigations are listed in this section. 
1. A thorough investigation of the kinetics of 
formation of poly(amic acid)s is needed. Some modifi-
cation of the experimental method given in this 
dissertation will be necessary in future studies. The 
entire quantity of PMDA needed for synthesis must be 
added at once in future experiments, a slow PMDA 
addition to control reaction temperature will not be 
possible because of the rapid rate of polymerization. 
An efficient means of mixing must be found such that 
the reactants may be well mixed within one or two 
seconds. Initial samples of the reacting mixture must 
be withdrawn for precipitation and subsequent charac-
terization within five seconds after the reaction 1s 
begun. Existing kinetic data indicate that SO% 
conversion of the reactants will occur approximately 
6.6 seconds after the reaction is begun. The kinetics 
of both the heterogeneous reaction (PMDA added as a 
solid) and the homogeneous reaction (PMDA added in 
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solution) should be studied to determine whether the 
reaction rate is controlled by the rate of dissolution 
of the PMDA. 
2. A thermodynamic investigation to determine 
the heat of polymerization would be useful. This 
thermodynamic investigation will be necessary for 
proper analysis of kinetic data for poly(amic acid) 
formation. The combined kinetic and thermodynamic 
investigations would be valuable in commercial 
processes. 
3. A study to determine the cause of high solution 
viscosities in some polymerizations is needed. This 
study would explain the absence of a correlation 
between the solution viscosity attained during synthesis 
and intrinsic viscosity noted in some instances. 
4. A gel permeation chromatography study of the 
poly(amic acid) samples should be attempted. 
Determinations should be attempted in DMF 0.1 molar in 
LiBr to minimize polyelectrolyte effects. 
5. A study to confirm the reason for the high 
second virial coefficients and radii of gyration of 
the poly(amic acid) might be interesting to those 
persons concerned with the dilute solution behavior 
of these polymers. A solvent for the poly(amic acid) 
which would prevent interchain association must be 
found before additional light scattering studies can 
be attempted. This could be a sizeable task. If a 
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membrane could be found which would not be swollen 
by dimethylformamide, membrane osmometry could be 
used as a second means of determining second virial 
coefficients. 
6. A study of the feasibility of using polyimides 
as chromatographic packings would be of interest. If 
feasible, polyimide packings could probably be used 
at temperatures of over 400°C. Another class of high 
temperature polymers, polybenzimidazoles, have been 
t d . d f h. 1" . 81 s u 1e or t 1s app 1cat1on. 
7. The excellent solvent resistance of the 
polyimides suggests their possible use as a coating 
for substrates which might be used for medical implant 
purposes. 
8. The use of poly(amic acid) or polyimide films 
and poly(amic acid) or polyimide coated substrates 
as membranes for use in oxygenators should be investi-
gated. Preliminary work in this area has shown 
. 82 promise. 
9. An X-ray diffraction study of the residue 
remaining after partial pyrolysis of the polyimide 1n 
argon should be conducted. 
150 
10. A dilute solution (< 0.002 g/ml) viscosity study 
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APPENDIX A 
A REVIEW OF THE CHEMISTRY OF POLYH1IDES 
The development of polyimides began in the 1940's 
with studies of aliphatic polyimide systems. However 
in the 1960's the development of aromatic polyimides 
possessing" ... high strength over a wide temperature 
range (-400 to 700°F), excellent long-term thermal 
stability, outstanding wear and friction properties, 
combined with reliability, very good electrical 
properties (also at high temperatures) and moderately 
good resistance to chemicals and water" 83 have made 
them important engineering materials. Polyimides 
" ... no longer are the premium-price exotic materials 
that they once were; ... they are steadily branching out 
into commercial products where high reliability ... is 
needed." 83 
A. Preparation of Aromatic Polyimides 
1. Polyimides prepared from aromatic poly(amic 
acid)s. Dehydration of a poly(amic acid) has been the 
most common method of preparing a polyimide. 
1 52 
This dehydration has been effected by heat or by 
chemical means. 
a. Thermal conversion to polyimide. Poly(amic 
acid)s have been converted to polyimides by heating to 
a temperature between 100 and 350°C and maintaining this 
temperature for a period of time sufficient for maximum 
153 
imidization to occur. 1-l 6 , 27 Fedor t 1 84 t d. d va, e . a . , s u 1e 
a number of poly(amic acid) systems and found the optimum 
temperature (maximum rate of cyclization) for cyclizing 
poly(amic acid)s varied from 220 to 350°C depending 
upon the structure of the poly(amic acid). Curing at a 
temperature just below the decomposition temperature of 
the polyimide, 9 ' 10 or a brief 300-500°C post cure 4 have 
been found to improve properties of the polyimide. 
Annealing polyimides at 300°C and 1 torr pressure is 
claimed to increase the molecular weight of the poly-
.. d 85 1m1 e. This increase was explained by postulation of 
solid phase polycondensation of amino and anhydride end 
groups. Polyimide powders and thin fibers or films have 
been prepared by thermal cure; however, curing thick 
samples by this method gave unsatisfactory results as 
residual solvent and the water released during 
2,9,10,21 
cyclization could not escape. 
The kinetics of the thermal cyclization of a dilute 
solution of the poly(amic acid) of pyromellitic 
dianhydride and m-phenylenediamine have been studied 
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using infrared spectroscopy. 22 A rate constant of 3.87 x 
10- 3 sec- 1 and a reaction order of 1.10 were reported. 
Infrared techniques have been used to study the 
kinetics of thermal cyclization of poly(amic acid) films. 
27 Kruez, et. al., found that the cyclization of the poly-
Carnic acid) from pyromellitic dianhydride and 4,4'-
diaminodiphenyl ether was very slow below 150°(. Ahovc 
this temperature the rate of cyclization increased rapidly 
with temperature and demonstrated a rapid initial cyc1i-
zation followed by a slow cyclization process. The data 
did not allow an unequivocal determination of the 
reaction order. On the basis of studied with model 
compounds which demonstrated first-order behavior, they 
treated the cyclization as rapid and slow first-order 
cyclizations. The activation energies for the fast and 
slow cyclizations were reported as 26 ± 3 and 23 t 7 
kcal/mole respectively indjcating that the control of 
the reaction rate resided in the frequency factor. 
Laius, et. a1, 63 also studied cyclization of films of 
pyromellitic dianhydride and 4,4'-diaminodiphenyl ether. 
The reaction order was reported to change with tempera-
ture, changing from 2.2 to 3.2 between 160° and 250°(. 
As the degree of cyclization increased, the activation 
energy changed from 23 to 30 kcal/mole. The rate 
constant decreased with increasing degree of cyclization. 
Koton 23 also found the rate of conversion to polyimide 
slowed as the degree of cyclization increased. Katon, 
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Laius, and Kruez all suggested that the decrease in 
reaction rate as the cyclization progressed could be due 
to a decrease 1n macromolecular chain mobilities as rings 
close along the polymer chain. The possibility of solvent 
entering into the reaction mechanism was suggested by 
Laius and Kruez. Laius noted that the cyclization rate 
of poly(amic acid) films was not the same as that of 
poly(amic acid) in solution but had a smaller rate constant 
suggesting that the solvent played an active part in the 
cyclization. Kruez postulated that solvent could assist 
in favorable orientation of functional groups for 
cyclization to occur. 
The kinetics of the cyclization of poly(amic acid)s 
have also been studied using gravimetric methods by 
Kolesnikov, et. a1. 64 For the pyromellitic dianhydride-
4,4'-diaminodiphenyl ether system, they found rate 
constants of 2.04 x 10- 5 and 29.7 x 10- 5 min- 1 at 220° 
and 280°C respectively. The activation energy was 
reported to be 24.0 kca1/mo1e. Po1ypyromellitimides 
using diaminodiphenylmethane and benzidine as the 
diamine were also investigated. 
b. Chemical conversion to po1yimide. Poly(amic 
acid)s have also been converted to polyimides by chemical 
means using some of the lower fatty monocarboxylic acid 
. 4-7,9,10,14,15,17,Zl Tertiary amines have 
anhydr1des. 
been found to be effective catalysts for chemical 
conversion to poly(amic acid)s to polyimide. A common 
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system which has been reported is the acetic anhydride-
pyridine system. Chemical conversion to polyimide has 
been found to be superior to thermal conversion for thick 
films and fibers of poly(amic acid). 9 ,lO,Zl No free 
water which could hydrolyze remaining poly (amic acid) ,.,.as 
produced by chemical conversion methods. 21 Poly(amic 
acid)s have been treated with the chemical dehydrating 
agents below 15° where they are claimed to be inactive. 86 
Shaped articles were then formed and the article heated 
to allow conversion to polyimide. 
2. Other methods of preparation of aromatic polyimides. 
a. Reaction of a dianhydride with a diisocyanate. 
Dianhydrides have been reacted with diisocyanates to form 
87 
a polyimide and carbon dioxide. Meyers has reacted 
pyromellitic dianhydride with diphenylmethane diisocyanate, 
both in solution and in the melt, to form polyimide. The 
polyimide prepared in this manner was identical to the 
polyimide prepared by the usual diamine-dianhydride method. 
Farrissey, et. al. , 88 prepared polyimide foams by this 
method of polyimide synthesis, the carbon dioxide evolved 
on synthesis served as the blowing agent for the foam. 
b. Synthesis from salts of dicarboxylic acids. 
Pyromellitic dianhydride has been reacted with alcohols 
to yield a diester-diacid salt. This salt was subsequently 
reacted with aromatic primary diamines to form a salt 
d h . 89 A lt f which yielded a polyimi e upon eat1ng. sa o 
pyromellitic dianhydride was also formed by reaction 
with diethylamine. This salt was reacted with diamines 
to form a salt which could be heated to yield a poly-
imide.90 
c. Reaction of a diimide with a dihalo compound. 
Pyromellitic diimide has been reacted with several 
aromatic and aliphatic dihalo compounds to yield poly-
imide and hydrogen chloride. 91 
d. Syntheses involving double bonds. Polyimides 
have been prepared by proton transfer reactions between 
diimides and diolefins containing two active double 
b d 92,93 on s. A polyimide has been formed by the double 
1,3 addition of bis-maleimides across benzalazine; 94 
however, the same polymer structure when prepared by 
the usual diamin~&anhydride synthesis in solution has a 
higher molecular weight. 95 
e. Photochemical synthesis. Irradiation of 
benzene-acetone solutions of bismaleimides by a 450 watt 
ultraviolet lamp yielded polyimide. The reaction 
proceeded by a 2+2 cycloaddition of the benzene to the 
bismaleimide followed by a Diels-Alder cycloaddition 
96 to form polymer. 
f. Synthesis from N,N'-bis(ethoxycarbonyl) 
pyromellitimide and diamines. Reaction of N,N'-bis-
(ethoxycarbonyl) pyromellitimide with diamines yielded 
a polyamide prepolymer which was heated to form 
polyimide. The structure of the prepolymer was a poly-
Carnic acid) ester. This method of polyimide synthesis 
157 
proceeded at a much slower rate than diamine-dianhydride 
solution polymerization. 97 
B. Characterization of Polyimides 
1. Dilute solution behavior. Dilute solution 
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measurements on most polyimides have not been possible 
because of their insolubility in common organic solvents. 
Fuming nitric acid and concentrated sulfuric acid have 
been reported to be solvents for polyimides. 8 Dilute 
solution measurements in these solvents would be of a 
qualitative nature however because polyimides reportedly 
were degraded in these solvents.B,lS, 32 
The polyimide from pyromellitic dianhydride and 
2,4-diaminoisopropylbenzene was found to be soluble in 
N,N-dimethylacetamide. 32 The results of dilute solution 
measurements of this polyimide and its poly(amic acid) 
served as the basis for characterization of polyimides 
through the poly(amic acid) and have been discussed in 
Section II B 1. 
Wallach 32 has related inherent viscosity values of 
the polyimide from pyromellitic dianhydride and 4,4'-
diaminodiphenyl ether in concentrated sulfuric acid to 
the corresponding weight average molecular weights of 
the poly(amic acid)s. The data were extrapolated to 
zero time to minimize the effect of polymer degradation 
and any sulfonation or hydrolysis reactions on the 
viscosity data. The Mark-Houwink-Sakaruda relation was 
found to be: 
From his work on the polypyromellitimide from 2,4-
diaminoisopropylbenzene,32 Wallach determined the 
increase in Mw upon conversion of the poly(amic acid) 
to polyimide. When this increase in Mw upon conversion 
was considered, the above Mark-Houwink relation was 
modified to: 
The exponent in the Mark-Houwink equation is close to a 
value characteristic of Gaussian coils in theta solvents. 
, 
The unperturbed chain dimensions, A= (r~/M)z, were 
0 
1.13 ± O.OZA. For free rotation, calculations gave 
0 
Af = l.lSA. Thus, the steric factor, a= (A/Af), was 
found to be nearly unity. 
Wallach has also successfully correlated mechanical 
properties of polyimide films from pyromellitic dian-
hydride and 4,4'-diaminodiphenyl ether with poly(amic 
acid) molecular weights. 98 Film mechanical properties 
were found to vary sigmoidally with prepolymer solution 
properties. 
2. Molecular structure and morphological studies. 
Nearly every investigator who has synthesized poly(amic 
acid)s and polyimides has mentioned the use of infrared 
spectroscopy to determine that polyimide has been formed. 
In most cases the authors merely have stated that 
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polyimide exists as evidenced by imide absorptions at 
5.64 and 5.89 ~ (doublet) and at 13.85 ~. A few authors 
have reproduced infrared spectra of their polymers.8,15,16, 
28,87,93,97 H 134 h umme as used infrared techniques for 
studies of polyimide wire lacquers and has assigned 
bands. Sroog 8 has reproduced ultraviolet, visible, 
near infrared, infrared, and far infrared spectra of the 
polyimide formed by pyromellitic dianhydride and 4,4'-
diaminodiphenyl ether. 
X-ray diffraction studies have shown that crystal-
linity of polyimides depends upon the diamine and 
8 15 dianhydride used. Sroog ' has investigated the 
crystallinity of several polyimides. Polypyromellitimides 
using benzidine as the diamine have been reported as 
being highly crystalline. Polypyromellitimides using 
p-phenylenediamine have been found to crystallize upon 
preparation. Polypyromellitimides using m-phenylene-
diamine, diaminodiphenyl ether, diaminodiphenylmethane, 
diaminoisopropylbenzene, and diaminodiphenyl sulfide were 
crystallizable by high temperature annealing. The 
crystallinity of the polyimide from pyromellitic 
dianhydride and 4,4'-diaminodiphenyl ether has also 
been studied by Wallach 98 and Ikeda. 99 Wallach reported 
crystallinity indices ranging from 0-5% on films of 
this polyimide. Ikeda reported a crystallinity index 
of 13% for films and 26% for molded samples. Smirnova, 
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et. al. , 100 studied the crystallizability of several 
polyimide films cast from N,N-dimethylformamide. They 
found that the polyimide from 3,3,4,4'-diphenyltetra-
carboxylic dianhydride and 1,4-bis(p-aminophenoxy)benzene 
was crystalline. They reported the polypyromellitimide 
using benzidine as the diamine to be non-crystalline, 
in disagreement with the results of Sroog.S,lS 
C. Thermal, Chemical, and Radiation Resistance of 
Polyimides 
1. Thermal stability studies. The development of 
polyimides has been the result of a need for thermally 
stable polymeric materials. Consequently, nearly every 
publication dealing with the synthesis of polyimides has 
included descriptions or reproductions of thermogravimetric 
curves for the polyimide studies. 
a. Thermal degradation of polyimides. Bruck has 
made a detailed study of the degradation of duPont's 
commercial polyimide, H-film (polyimide from pyromellitic 
dianhydride and 4,4'-diaminodiphenyl ether), in air and 
vacuum. 58 - 60 In these studies, Bruck found that a 
material would condense in the combustion tube next to 
the hot sample. This material was reported to be dimers, 
trimers, and poly(amic acid). He found that these 
materials could be leached from the H-film by successive 
soakings in dimethylformamide, water, and ethanol. 
Studies were made on both "purified" and "unpurified" 
material. In air, the purified material degraded at a 
lb2 
40% lower rate than the unpurified material. In vacuum, 
40% of the purified 1 samp es were volatilized, 10-15% less 
than with the unpurified samples. From degradation 
rate data, the activation energy for degradation of 
H-film in air was calculated to be 33 and 31 kcal/mole 
for the purified and unpurified materials, respectively. 
In vacuum, corresponding values were 74 and 73 kcal/mole. 
The degradation products were found to be CO (38.0%), 
2 
H 0 (53.0%), NH (2.1%) and HCN (5.6%) for the unpurifieJ 
2 3 
samples and CO (25.4%) and H 0 (72.6%) for purified 
2 2 
samples. Gas samples were collected in a liquid nitrogen 
cold trap so no CO or H was collected. Bruck proposed 
2 
a degradation mechanism in which imide groups degrade to 
liberate CO while poly(amic acid) degrades to liberate 
CO . Based upon his data, he postulated that H-film 
2 
was 78% polyimide and 22% uncyclized poly(amic acid). 
Bruck also studied the residue remaining after vacuum 
pyrolysis and found that it possessed semiconductor 
. 55 properties. 
Heacock and Berr also studied thermal degradation of 
H-film. 61 Activation energies for degradation were 
calculated to be 54.0 kcal/mole in helium and 39.9 
kcal/mole in air. Mechanical properties of the films 
were measured during heating and correlated to a first-
order model. The rate of deterioration of physical 
properties was found to be independent of film thickness 
for thickness of 1-5 mils. 
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Bishop and Smith 52 have estimated the amount of 
uncyclized material in polyimides. They have reported 
that one uncyclized ring exists per eight or nine 
polymer repeat units. They stated that the large amounts 
of C0 2 given off during pyrolysis cannot originate only 
from uncyclized units and propose that both CO and co 
2 
are pyrolysis products of polyimides, the CO/C0 2 ratio 
varying with pyrolysis conditions and sample purity. 
Scala and Hickam have studied the degradation of the 
polyimide from pyromellitic dianhydride and 4,4'-
diaminodiphenyl ether and the polyimide-co-amide from 
pyromellitic dianhydride and 3,4'-diaminobenzanilide. 56 
They have proposed a unit-by-unit degradation mechanism 
with the rate controlling factor being the number of 
available chain ends. The point of degradation in the 
polymer molecule is proposed to be the carbonyl group, 
amide carbonyls being less stable than imide carbonyls. 
Major oxidation products were CO , CO, and H 0. The 
2 2 
distillates and evolved gases contained nitrogen 
compounds. Residues remaining after partial oxidation 
were found to contain relatively large amounts of 
nitrogen. After aging samples for 3 to 6 months in 
oxidative atmospheres at temperatures from 200-300°C, 
· d d t' product. 101 they found that CO was the maJOr egra a 1on 
2 
Other degradation products were CO, H20, N2 • No HCN 
was found at any temperature and aging time. 
The unit-by-unit degradation mechanism was also 
postulated by Shulman and Tusing. 57 At lower tempera-
tures cleavage of a poly(amic acid) to anhydride and 
am1ne was found to occur competitively with cyclization 
to polyimide. 
Gay and Berr have pyrolyzed films of the polyimide 
from 4,4'-diaminodiphenyl ether and pyromellitic 
dianhydride at 400-600° in vacuum. 102 In order to 
account for the C0 2 formed 1n polyimide decomposition 
they have postulated that C0 2 arises from decomposition 
of isoimide linkages while CO arises from decomposition 
of normal imide linkages. Isoimide linkages were 
postulated to be present in polyimides. High initial 
164 
C0 2 evolution on decomposition was attributed to isoimide 
initially present in the polymer. After initial isoimide 
decomposed, an equilibrium between isoimide and normal 
imide was proposed to account for the steady evolution 
of CO 2 • 
Ehlers, et. al., investigated the decomposition 
mechanism of four polyimides under vacuum in the 
0 103 h 1 . . d temperature range of 375-620 C. T e po y1m1 es were 
those from the various combinations of pyromellitic and 
benzophenonetetracarboxylic dianhydrides and diaminodi-
phenyl ether and sulfide. They proposed a degradation 
mechanism involving rupture of the imide ring between a 
carbonyl and nitrogen followed by formation of isocyanate 
groups. The isocyanates were thought to react with each 
other to yield carbodiimide linkages and CO . The 2 
benzoyl radical formed when the imide ring is ruptured 
was reported as the source for CO. 
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Johnson and Gaulin104 have studied the vacuum 
pyrolysis of Monsanto's Skybond 700, a polyimide from 
benzophenonetetracarboxylic dianhydride and diaminodiphenyl 
ether. Their mechanism involved scission of the imide 
ring to release one or two carbonyls as CO. The origin 
of C0 2 was postulated to be from decomposition of an 
intermediate resulting from an intramolecular rearrange-
ment of the imide linkage. 
b. Effect of structure on polyimide thermal 
stability. The effect of molecular structure on the 
thermal stability of polyimides has been investigated. 
For polypyromellitimides from diamines containing linking 
groups between benzene rings Bower and Frost 2 found the 
following order for the thermal stability of the linking 
groups: 
imide > ether, sulfide, direct phenyl-phenyl bond > 
amide, ester > methylene > isopropylidene 
·
105 f d h 1 .. d Niskizaki and Fukam1 oun t at po y1m1 es 
involving para bonds in the diamine component had higher 
decomposition temperatures than those involving meta 
substitution. Nishizaki106 found that a polypyromel-
litimide with a diamine based on dimethylsiloxane 
began degradation at 260°C in air, 40° lower than the 
polymer with diaminodiphenyl ether. Degradation was 
postulated to be scission of the ma1n chain rather than 
oxidative cleavage. Jewe11 107 found that the thermal 
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and thermo-oxidative stability of polyimides increased 
with imide group content, insertion of connecting groups 
into the chain reduced the percentage imide content 
reducing the resistance to thermal degradation. Hirsch 108 
found that a structure devoid of all pendent groups 
and hydrogen possessed great thermal stability. Ilis 
polyimide from pyrazinetetracarboxylic dianhydride and 
2,5-diamino-1,3,4-thiadiazole was free of hydrogen and 
pendent groups. Films of this polyimide supported weight 
in air at temperatures up to 592°C. The corresponding 
polyimide with pyromellitic dianhydride charred at 320°(. 
2. Chemical resistance of polyimides. In addition 
to their thermal stability, polyimides have been found 
to be resistant to many common organic solvents. 
109 d' d h h . 1 . Vinogradova, et. al., stu 1e t e c em1ca res1stancc 
of a polyimide in a variety of organic compounds and 
found it to be superior to heterochain polyamides. 
They found that polyimide could be degraded by heating 
in aprotic dipolar solvents, this degradation being 
110 
caused by cleavage of the C-N bond. Jones found that 
hydrazine attacked the polyimide from pyromellitic 
dianhydride and 4,4'-diaminodiphenyl ether giving the 
parent diamine and the cyclohydrazide derivative of 
pyromellitic acid. 
The solubility of polyimides in fuming nitric and 
concentrated sulfuric acids has been mentioned (Appendix 
A Section B 1). 111 Szymanski, et. al., have reported 
polyimides to be soluble in SbC1 3 and SbC1 3 -AsC1 3 
mixtures. 
3. Radiation resistance of polyimides. Sroog, 
et. al. , 8 found that films of the polyimide from 
pyromellitic dianhydride and 4,4'-diaminodiphenyl ether 
showed outstanding resistance to 2 Mev electrons in a 
Van de Graff generator and to thermal neutrons, y-rays, 
and other radiation in the Brookhaven Pile. Gordon and 
Langley112 irradiated samples of duPont's PI-2501 
"B-staged" Pyralin polyimide glass fabric with doses 
of up to 6.4 x 10 9 roentgen of 6 °Co radiation. They 
found no effect on the mechanical properties of the 
167 
samples caused by this dose of y-radiation. 
113 Zurakowska 
irradiated several polyimides with y-radiation and 
reported improved thermal resistance after exposure. 
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ABSTRACT 
A method is presented by which thermogravimetry can be used to determine the 
amount of associated solvent in samples of solid poly(amic acid)s. Results are 
confirmed by IR and mass spectrometry and by experimental weigh! loss measure-
ments. 
INTRODUCTION 
The methods for the determination of polymer molecular weights requtre that 
the concentrations of polymer solutions be accurately known. In the synthesis and 
recovery of poly(amic acid) prepolymers for polyimides, solvent molecules are 
associated with the polymer molecules making concentration determination difficult. 
A method has been developed to determine the amount of solvent present in a sample 
of a solid poly(amic acid) by means of thermogravimetry. 
EXPERIMENTAL 
Poly(amic acid)s were synthesized by methods similar to those descnbed in the 
literature 1- 6 • Poly(amic acid)s are prepared by reacting ad.iamine and a dianhydride 
in a suitable solvent as shown in Eqn. I. 
(I) 
The poly(amic acid) can then be converted to the polyimide by heat or by chemical 
means as shown in Eqn. 2. 
•contribution No. 119 of the Graduate Center for Materials Research, University cf Missouri-Rolla. 
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(2) 
" 
Rand R' can be either aliphatic or aromatic groups. In this work the diamine chosen 
was p-phenylenediamine: the dianhydride was I ,2,4,5-benzenetetracarboxylic 
dianhydride (pyromellitic dianhydride), and the solvent was N,N-dimethylformamide 
(DMF). The poly(amic acid)s were precipitated in a non-solvent, filtered and freeze-
dried to remove as much solvent as possible. 
The following analytical techniques were utilized in the characterization of 
samples: 
(a) Thermogravimetry (TG) of the samples was obtained using a Mettler 
Vacuum Thermoanalyzer. Analyses were made in platinum crucibles using samples 
weighing approximately 40 mg. The heating rate was 4 °Cjmin. A drv air flow of about 
5. 7 liters/h was used. 
(h) IR spectra of the polymers were obtained using a Beckman IR-12 Infrared 
Spectrophotometer. The spectra were obtained by preparing KBr pellets of the 
polymers. 
(c) Mass spectra were obtained on a Nuclide 12-90 HT Ma!>s Spectrometer. 
The samples were heated in the mstrument by use of a directly heated sample probe. 
Temperatures were measured by a Chromel-Aiumel thermocouple placed in the 
immediate vicinity of the sample. 
DISCUSSION AND RFSOLTS 
Poly (amic acid)s are soluble only in solvents which are capable of very strong 
polymer--solvent interactions. Consequently, when poly (amic acid)s are precipitated 
with a non-solvent, solvent molecules remain bound to the polymer molecule. Hatton 
and Richards 7 found that association of DM F with benzoic acid is probably due to 
hydrogen bonding between the carbonyl oxygen of the DMF and the hydrogen of the 
carboxylic acid. The same type of association probably exists in poly (amic acid)s. 
Kreuz et a/. 8 have postulated that one mole of their solvent (dimethylacetamide) is 
associated with each carboxyl function in the poly (amic acid) which they studied. 
Since the dissociation energy of hydrogen bonds between the solvent and the 
polymer is mul.'h lower than the. dissociation energy of the covalent bends between 
atoms in the polymer chain, heating the poly (amic acid) should free the polymer of 
:.s<;nciah.:d. solvent. However, heating a poly (amic acid) causes a ring closure reaction 
(imidization reaction) to Ol:cur (Eqn. 2) with the elimination of water. Thus, a TG 
curv(' obtained while heating a poly (amic acid) will show a weight loss due to both the 
freed solvent molecules and the water eliminated in the polyimide formation. 
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Fig. 1 shows the behavior of a sample of a poly (amic acid) heated in air. The 
TG curve shows an initial weight loss which is due to the freed solvent and the water 
eliminated in imidization. This initial weight loss is followed by a period of constant 
weight. In this region, all the imide rings which will form should be formed. The 
polyimide formed from the poly (amic acid) is stable at these temperatures in air. At 
high temperatures, decomposition begins and continues until the sample is totally 
decomposed. 
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FiJ. 1. Tbermolfllvimetry of a poly (amic acid). 
Since the first weight loss region is due only to solvent and water and the 
second weight loss region is due only to decomposition, the amount of solvent 
associated in the original poly (amic acid) can be determined through the molecular 
structures of the poly (amic acid) and polyimide. 
The structures of the poly (amic acid) and polyimide expected from the reaction 
of pyromellitic dianhydride and p-phenylenediamine are : 
(I) 
Poly (amic acid) 
Molecular weisht 




of repeat unit • 290 
The molecular weights of the repeat units differ by the molecular weight of the two 
molecules of water eliminated in the imidization reaction. 
When 1.000 g of solvent free poly (amic acid), as represented by structure I, 
containing s g of associated solvent is heated to a temperature sufficient to free all of 
Thermoclllm. Acttl, 3 (1971) 12J-132 
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th~ solvent and close all of the imide rings but not decompose the polyimide, the 
weJght loss expected is S g of solvent plus 36/326 g of water, or (S + 36/326) g. 
Defining SW as the original sample weight of poly (amic acid) and WL as the 
weight loss of the sample due to solvent being freed and water eliminated in the 
imidization reaction, then the weight loss may be expressed as 
WL= SW (s +2!) (3) (l+S) 326 
Solving for S yields 
( 36) WL-- SW 
S = 326 x mass of solvent 
(SW- WL) mass ofpoly(amic acid) 
(4) 
In order to be more precise in all TG solvent determinations, the temperature 
was raised linearly at 4°C/min to 3S0°C. The sample was held at 350°C to insure that 
all solvent had been freed and that all rings that would close had closed. A linear 
heating rate of 4 °C/min was again utilized from 3S0°C to total decomposition. 
Weight losses needed in Eqn. 4 were obtained from the TG curves. Fig. 2 shows the 
TG curve used for obtaining the data required in Eqn. 4. For simplicity only the 
general TG curve is shown; however, all calculations were based upon the expanded 
TG. 
260 240 221:' 200 180 160 140 120 100 80 60 40 20 0 
TtME. mut 
Fig. 2. TG curve used in conjunction:wit(Bqn. 4. 
The poly (amic acid)s analyzed by the above method have been found to 
contain between 0.2 and 0.3 g DMF/g poly (amic acid). Reproducibility on a given 
sample has been found to be ±0.005 g DMF/g poly (amic acid). 
When a sample of poly (amic acid) was exposed to high vacuum, some of the 
solvent was freed from the polymer molecule. In order to check the validity of the 
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vacuoum o.vemi~t, the pressure ranging .from 10- 6 to 10- 7 torr. The sample lost 
15.2% of tts wetght. The amount of assoc~ated solvent was determined by TG before 
and after vacuum treatment. The sample contained 0.2786 g solventjgpoly(amicacid) 
before vacuum treatment and 0.0861 g solvent/g poly (amic acid) after being exposed 
to vacuum. The percentage weight loss of solvent from the original sample by the TG 
measurements was 15.1 %, which is in excellent agreement with the experimentally 
measured weight loss. 
The method makes no allowance for end groups where only one water molecule 
is lost per repeat unit. End group effects will become negligible as the chain length 
increases; therefore, the method will improve in accuracy with higher molecular 
weight polymers. 
We have assumed that the structures of the poly (amic acid) and polyimide are 
represented by the structures I and II. Figs. 3 and 4 are IR spectra of the poly(amic 
acid) and polyimide, respectively. The IR spectrum of the poly (amic acid) contains 
absorption bands at 3280-3320 em- 1 (NH stretch), 1660 em- 1 {amide 1), 1550 em- 1 
(amide II), 1725 em- 1 (carboxyl C-0 stretch), 1410 and 905cm- 1 {OH deformations) 
and 1315 cm- 1 (C-0 stretch) confirming the structure of the poly(amic acid). A 
minor peak at 1779 em- 1 indicates the presence of small amounts of imide linkages. 
In the IR spectrum of the polyimide, the bands characteristic of carboxylic acid and 
secondary amide have disappeared and bands characteristic of imid~ at 1779, 1730 
and 725 em- 1 have appeared. 
Complete ring closure to polyimide has been assumed in developing our 
equation. Because of steric conditions, some uncyclized units may be present in the 
polyimide. Estimates have been made that there is one uncyclized ring per eight or 
nine polymer repeat units9 • This can result in a maximum error of less than 2% m the 
calculation of associated solvent if it is assumed that one uncyclized ring is present 
per eight polymer repeat units and that two moles of DMF are associated with one 
poly (amic acid) repeat unit. A shoulder in the IR spectrum of the polyimide at 
1650 em·· 1 and elemental analysis of the polyimide indicate that there may be some 
uncyclized rings remaining in the polyimide. The following elemental analysis of the 
polyimide* is included for comparison with the calculated structure. Calc.: C, 66.21%; 
H, 2.08%; N, 9.65%. Found: C, 64.63%; H, 2.22%; N, 9.59% (Anal. I); C, 64.65%; 
H, 2.13% (Anal. 2). 
In order to determine the products evolved on heating the poly (amic acid), a 
sample was heated in a sample probe in a mass spectrometer. Samples of DM F 
showed the three most intense peaks to be mass numbers 29,44 and 73. Mass number 
1~ was the most intense peak for water. Fig. 5 shows the decrease in DMF and water 
evolved from a sample of poly (amic acid) as a function of temperature. There were 
no indications of polymer decomposition during the heating process. These results 
along with the TGA trace confirm that below 350"C DMF and water are the only 
gaseous products evolved from the heating of the poly (amic acid). 
•spang Microanalytical Laboratory, Ann Arbor, Michigan 48106. 
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Fig. S. Mass spectral data obtained from hcatina a poly (amic acid) samplo. 
CONCLUSIONS 
The foregoing method is valid for the determination of the amount of associated 
solvent in poly (amic acid)s which are formed from diamines and dianhydrides, and 
with other types of polymers which have solvents associated with the polymer chains. 
The method requires a final polymer of sufficient thermal stability so that solvent 
removal and any cyclization reactions (or curing reactions) occur before the onset 
of decomposition. 
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FILTRATION APPARATUS FOR LIGHT SCATTERING SOLUTIONS 
Removal of all solid material from solutions used 
in light scattering measurements is of upmost importance. 
Solid materials cause fluctuations in the intensity of 
scattered light; small particles (including dust) tend 
to increase scattered intensities at low viewing angles. 
Solid material would therefore make measurements more 
difficult because of intensity fluctuations and 
accentuate any increased low angle scattering from large 
polymer molecules (Debye scattering). 
All solutions used for light scattering measure-
ments in this work were filtered through the filtration 
apparatus shown schematically in Figure 31. This system 
allowed pressure filtration of sample solutions and 
recycling of the filtered solution for additional passes 
through the filter. The entire filtration was conducted 
in a closed system protecting samples from the dust in 
the laboratory. 
The filter was obtained from Gelman Instrument 
Company and is stainless steel throughout. The filter 
accomodates 47 mm filter membranes. Membranes are 
seated in the base of the filter with a teflon gasket; 
the base and upper cylinder of the filter are sealed 






(a)- UPPER GLASS SECTION 
(b)-TEFLON SLEEVE 
(c)- GELMAN FILTER 
(d)-LOWER GLASS SECTION 
(e)-65/40 BALLS SOCKET 
(f)- LIGHT SCATTERING CELL 
(g)- GLASS BASE 
(h}-.TEFLON TUBING 
CAPITAL LETTERS DE NOTE 
STOPCOCKS 
Figure 31. Filtration Apparatus for Light Scattering 
Solutions. 
The upper glass section was coupled to the filter 
with a teflon sleeve. Dow-Corning Silastic 734 RTV 
was used to bond the teflon to the glass section. The 
teflon sleeve and filter were easily separated so solu-
tions could be poured into the filter. The lower glass 
section and filter were joined with a Swagelok fitting. 
After a filter membrane had been installed in the 
filter, the following procedure was followed in 
filtering samples: 
1. Stopcocks C, D, E, F, G, and H were closed. 
2. Sample was poured into the filter by 
disassembling the teflon sleeve and the Gelman filter. 
The apparatus was reassembled and the teflon sleeve was 
tightened around the Gelman filter with a hose-clamp. 
3. Stopcocks G, H, C, and E were opened, stopcock 
B was set to vent the lower section. 
4. Stopcock A was set to apply pressure to the 
upper section; stopcock C was slowly closed. 
S. Sufficient sample was allowed to pass through 
the filter to fill the light scattering cell. 
6. Stopcock A was set to apply pressure to stop-
cock B; stopcocks G and E were closed; stopcocks C and 
D were opened. 
7. Stopcock B was set to apply pressure to the 
lower section; stopcock F was opened. 
8. The sample from the light scattering cell was 
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allowed to flow to the upper section. 
9. Stopcock F was closed; stopcock B set to vent 
the lower section; stopcock D was closed. 
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10. Steps (3) through (9) were repeated for another 
pass through the filter if necessary. 
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TABULATION OF SYNTHESIS DATA AND ASSOCIATED SOLVENT DETERMINATIONS 
moles PMDA Maximum Maximum Viscosity g DMF 
mole PPD Temp., °C During Synthesis, cp g poly(amic acid) 
Avg. Value (Range) 
1.0200 32.5 485 0.218 (0.218-0.218) 
1.0100 33.5 76 0.223 (0.222-0.223) 
1.0300 34.5 3530 0.261 (0.261-0.261) 
1.0400 30.0 224 0.262 (0.251-0.263) 
1.0350 30.5 31 0.243 (0.232-0.252) 
1.0250 30.7 --- 0.280 (0.279-0.282) 
1.0150 28.8 88 0.248 (0.247-0.249) 
1.0050 29.0 587 0.297 (0.292-0.302) 
1. 0100 29.5 152 0.295 (0.293-0.296) 




Batch moles PMDA 






56 1. 0025 
TABLE VII (continued) 
Maximum Maximum Viscosity 








g poly(amic acid) 










Batch Huggins Maron 
No. & & Kraemer Reznik 
37 0.440 0.442 
38 0.534 D 
39 0.432 0.434 
40 0.442 0.445 
41 0.451 0.451 
45 0.414 0.414 
47 0.450 0.451 
48 0.522 0.525 
49 0.520 0. 5 22 
50 0.542 0.54:') 
TABLE VIII 
TABULATION OF VISCOSITY DATA 
k' 
Martin Huggins Maron Martin 
& 
Reznik 
0.442 0.45 0.40 0.40 
0.531 0.47 D 0.42 
0.435 0.49 0.45 0.43 
0.444 0.53 0.47 0.47 
0.450 0.45 0.42 0.41 
0.416 0.56 0.56 0.49 
0.450 0.52 0.48 0.46 
0.525 0.42 0.38 0.37 
0.528 0.61 0.55 0.48 
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0. 1 7 0.18 

















Batch Huggins Maron Martin 
No. & & Kraemer Reznik 
51 0.622 0.629 0.627 
52 0.590 0.593 0.591 
53 0.618 0.623 0.620 
54 0.630 ll 0.630 
55 0.715 0.716 0.716 
56 0.624 0.623 0.623 
ll denotes poor plot 
TABLE VIII (continued) 
k' 
Huggins Maron Martin 
& 
Reznik 
0.49 0.41 0.41 
0.52 0.44 0.45 
0.48 0.41 0.43 
0.56 ll 0.51 
0.52 0.46 0.45 

























TABULATION OF LIGHT SCATTERING AND VPO DATA 
(52) 1 M M A2 r2 X 10 12 (r2)2 w n 
Batch g mole cm 3 cm 2 cm 2 Ao g 
No. -- --
mole g2 g mole 
37 
38 13,300 0.0052 68 11 820 
39 12,200 0.0044 54 10.6 800 
40 8,630 0.0038 33 8 700 
41 11,600 0.0062 71 12 840 
45 
47 8,800 0.0040 36 6.4 620 3940 
48 13,900 0.0048 67 9.4 750 
49 13,900 0.0038 53 11 820 4040 




TABLE IX (Continued) 
M A2 rz w 
Batch g mole cm 3 cm 2 
No. --
mole g2 g 
51 19,600 0.0025 49 
52 16,100 0.0046 74 
53 15,100 0.0037 56 
54 17,800 0.0042 76 
55 22,000 0.0023 50 
56 16,700 0.0047 79 
(52) X 10 12 
1 (r 2) 2 
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